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The genomes of positive-sense RNA viruses are required for both translation and replication 
during infection. These two processes are antagonistic in nature, each requiring the RNA 
template in opposite directions. Thus, the balance between these processes during infection 
must be tightly regulated. Zika virus (ZIKV) is a capped, positive-sense RNA virus of the 
Flavivirus genus, which contains several notable human pathogens including Dengue virus 
(DENV) and Japanese encephalitis virus. Infection with ZIKV has been linked to congenital 
microcephaly as well as Guillain-Barré syndrome in infected adults. During infection, 
flavivirus replication is known to require genome circularisation, mediated by long-range RNA-
RNA interactions between cis-acting elements at the 5′ and 3′ ends of the genome. This 
facilitates the translocation of the viral polymerase NS5 from its site of recruitment at the 5′ 
end of the genome to the 3′ end in order to begin negative-strand RNA synthesis. However, it 
is unknown how the switch from genome translation to genome replication during flavivirus 
infection is regulated. The work presented for this thesis uses an in vitro reconstitution approach 
to study translation initiation on ZIKV, in which purified components of the translational 
machinery are added to the RNA and 48S complex formation upon initiating codons assayed 
using toeprinting. This technique allows the examination of both recruitment and scanning of 
the 40S ribosomal subunit, as well as the influence of RNA secondary structure on this process. 
It is shown that ZIKV translation is cap-dependent using the canonical set of initiation factors 
and that, under these conditions, recruitment of the viral polymerase to the 5′ proximal stem-
loop specifically inhibits translation initiation. Furthermore, circularisation of ZIKV and DENV 
genomes abrogates viral translation initiation through inhibition of ribosome scanning, 
subsequently re-directing the ribosome towards upstream near-cognate initiation codons. 
Conversely, the linear form of the viral genome, which predominates during infection, is shown 
to be translation-competent. This thesis therefore proposes a model by which the viral 
polymerase and dynamic viral genome conformations together prime a genome for replication 
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Viruses are obligate intracellular parasites that are responsible for a wide range of human and 
animal diseases. While the majority of positive-sense RNA viruses (whose viral genomes are 
functional mRNAs) express their own polymerase proteins to replicate their genome, these 
viruses are still dependent upon interaction with additional host factors to complete their 
lifecycle (Ahlquist et al, 2003). In particular, viruses are completely dependent upon co-option 
of the host protein synthesis machinery to translate their genome (Walsh & Mohr, 2011). 
 
Translation is the fundamental process by which mRNA is decoded to produce functional 
proteins and is a key step in the regulation of gene expression. This process is mediated by 
ribosomes across all kingdoms of life, which in eukaryotes consist of two subunits; the large 
60S subunit and the small 40S subunit, both of which are made up of ribosomal proteins and 
ribosomal RNA. The universally conserved core of the ribosome is responsible for both peptide 
bond formation and mRNA decoding (Schmeing & Ramakrishnan, 2009). A mRNA-binding 
cleft exists between the head and body of the small ribosomal subunit which also contains three 
binding sites for tRNA; the A site which binds incoming aminoacyl-tRNA, the P site which 
holds the peptidyl-tRNA linked to the nascent polypeptide chain and the E site where 
deacylated P site tRNA is ejected following peptide bond formation (Ramakrishnan, 2002). 
Recent crystal structures of yeast ribosomes (Ben-Shem et al, 2010, 2011) and cryo-electron 
microscopy (cryo-EM) structures of human ribosomes (Khatter et al, 2015) have revealed a 
wealth of information about these highly complex molecular machines in eukaryotes.  
 
Translation consists of three main stages; initiation, elongation and termination. Of these, 
initiation is considered to be the stage at which most regulation is exerted and involves decoding 
of an AUG start codon on mRNA by a specialised methionyl tRNA (Met-tRNAiMet) (Sonenberg 
& Hinnebusch, 2009). In eukaryotes, start codon recognition occurs predominantly through a 
scanning mechanism, during which ribosomal preinitiation complexes are loaded onto mRNA 
at the 5' end and subsequently scan through the 5' untranslated region (UTR) for a cognate AUG 
codon (or more rarely a near-cognate non-AUG initiation codon). This process is highly 
coordinated, requiring no less than nine eukaryotic initiation factors (eIFs; Table 1.1), many of 
which including eIF2 (eIF2α, eIF2β and eIF2γ) and eIF3 (eIF3a-m) consisting of multiple 





Table 1.1 Eukaryotic initiation factors 
Adapted from Jackson et al, 2010. The core initiation factors are underlined while auxiliary 
factors are not. There are three paralogues of eIF4A (eIF4AI – III), with the homologues eIF4AI 
and eIF4AII possessing functionally similar roles in initiation. Two paralogues of eIF4G exist 
(eIF4GI and eIF4GII) which show some selectivity to certain mRNAs (Jackson et al, 2010). 
 
Name Number of subunits 
and size (kDa) 
Function 
eIF2 3 (36.1, 38.4 and 
51.1) 
Forms the eIF2-GTP-Met-tRNAiMet ternary complex thus 
recruits Met-tRNAiMet to the ribosome 
eIF3 13 (800 total) Interacts with 40S, eIF1, eIF4G and eIF5 to stimulate 
ternary complex binding to 40S, attachment and scanning 
of the 43S complex as well as 40S/60S recycling 
eIF1 1 (12.7) Ensures the fidelity of and promotes scanning, stimulates 
ternary complex binding to 40S and prevents premature 
eIF5-induced hydrolysis of eIF2-GTP 
eIF1A 1 (16.5) Cooperates with eIF1 in scanning and initiation codon 
selection and stimulates ternary complex binding to 40S 
eIF4E 1 (24.5) Binds to the 5' cap structure of mRNA 
eIF4A 1 (46.1) DEAD-box and ATP-dependent RNA helicase 
eIF4G 1 (175.5) Interacts with eIF4E, eIF4A, eIF3, PABP and mRNA in 
addition to enhancing eIF4A helicase activity 
eIF4F 3 (246.1 total) Comprised of eIF4E, eIF4A and eIF4G; unwinds the 5' 
terminal region of mRNA and promotes 43S attachment 
and scanning 
eIF4B 1 (69.3) RNA-binding protein that enhances eIF4A helicase 
activity 
eIF4H 1 (27.4) RNA-binding protein that enhances eIF4A helicase 
activity and is homologous to a fragment of eIF4B 
eIF5 1 (49.2) GTPase activating protein that triggers hydrolysis of 
eIF2-GTP upon start codon recognition 
eIF5B 1 (138.9) Ribosome-dependent GTPase that mediates 40S and 60S 
ribosomal subunit joining 
eIF2B 5 (33.7, 39.0, 50.2, 
59.7 and 80.3) 
Guanine nucleotide exchange factor that promotes GDP-
GTP exchange on eIF2 
DHX29 1 (155.3) DExH-box helicase that binds directly to 40S facilitating 
scanning on mRNAs with highly structured 5' UTRs and 
start codon recognition 
PABP 1 (70.7) Binds to the 3' poly(A) tail of mRNA and eIF4G to 









1.1 Canonical translation initiation 
 
Figure 1.1 Schematic of eukaryotic translation initiation 
Post-termination complexes are initially recycled to yield separate 60S and 40S subunits. 
Following formation of a 43S preinitiation complex and unwinding of the 5' terminal end of 
mRNA by eIF4F, eIF4B and PABP, 43S complexes are attached and scan down the mRNA for 
an initiation codon in good sequence context. Initiation codon recognition leads to the formation 
of a “closed complex”, displacement of eIF1 and hydrolysis of eIF2-GTP by eIF5. Subunit 
joining and initiation factor release is subsequently mediated by hydrolysis of eIF5B-GTP. 
eIF2-GDP is recycled to eIF2-GTP by eIF2B. GTP is represented as a blue ball whereas GDP 




1.1.1 43S complex formation 
An overview of canonical translation initiation is shown in Figure 1.1. As translation is a 
cyclical process, initiation begins with the recycling of the 40S small ribosomal subunit from 
release factor eRF1-containing post-termination 80S ribosomal complexes (Jackson et al, 
2010). This is achieved due to the activities of the ATP-binding cassette (ABC) family member 
ABCE1 in conjunction with eIF3, eIF1 and eIF1A. Together, these proteins split the post-
termination ribosomal complex to form a free 60S subunit and a mRNA- and deacylated tRNA-
bound 40S subunit, whose subsequent release is mediated by eIF1 and the eIF3j subunit of eIF3 
(Pisarev et al, 2007a, 2010). The 40S-eIF1-eIF1A-eIF3 complex is subsequently joined by the 
ternary complex comprised of eIF2, Met-tRNAiMet and GTP to form a 43S preinitiation 
complex. Formation of this complex prevents re-association of the 40S ribosomal subunit with 
free 60S subunit (Kolupaeva et al, 2005). Recent cryo-EM structures have shown that eIF3 
forms a five-lobed structure at the back of the 40S ribosomal subunit, while the ternary complex 
is positioned close to the P site at the ribosomal subunit interface (Hashem et al, 2013a; des 
Georges et al, 2015). eIF1 and eIF1A bind as monomers and reside at the P site (Lomakin et 
al, 2003; Rabl et al, 2011) and A site (Yu et al, 2009), respectively. Cryo-EM structures of 
yeast 40S ribosomal subunits bound to eIF1 and eIF1A has illustrated that binding induces 
opening of the mRNA entry channel (Passmore et al, 2007). 
 
1.1.2 Attachment of 43S preinitiation complexes to mRNA 
Cellular mRNAs typically possess a 5' cap1 structure (m7GpppNm; where Nm denotes any 
nucleotide with 2′-O methylation) as well as a 3' poly(A) tail (Sonenberg & Hinnebusch, 2009). 
While 43S preinitiation complexes alone are sufficient to attach to model RNAs containing 
unstructured 5' UTRs (Pestova & Kolupaeva, 2002), cellular mRNAs typically possess 
sufficient RNA secondary structure for 43S complex loading to additionally require the 
cooperative actions of eIF4F and eIF4B or eIF4H. These factors act to unwind the 5' cap-
proximal secondary structure in order to generate a ssRNA landing pad upon which the 43S 
preinitiation complex can load, thus activating the mRNA (Jackson et al, 2010).  
 
eIF4F is a protein complex consisting of the cap-binding protein eIF4E, the helicase eIF4A and 
the scaffold protein eIF4G which binds eIF4E, eIF4A, eIF3 and poly(A)-binding protein 
(PABP) (Jackson et al, 2010). Numerous structural studies (reviewed in Von Der Haar et al, 
2004) have illustrated that eIF4E binding to the 5' cap structure depends on the stacking of two 
tryptophan residues with the methylated guanylate moiety of the cap structure. Unlike yeast 
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eIF4G (Gross et al, 2003), mammalian eIF4G does not increase the affinity of eIF4E for the 
cap structure (Slepenkov et al, 2008) but instead stimulates this interaction by directly binding 
to mRNA and increasing the local concentration of eIF4E around the cap (Yanagiya et al, 
2009). eIF4A is a DEAD-box helicase consisting of two RecA-like domains that have been 
proposed to alternate between “open” and “closed” conformations, with its ATP-binding site at 
the domain interface (Andersen et al, 2006). The helicase activity of eIF4A is enhanced by its 
association with eIF4G (Schutz et al, 2008; Oberer et al, 2005) and by eIF4B or eIF4H (Rogers 
et al, 2001; García-García et al, 2015; Sun et al, 2012), homologous proteins that both possess 
RNA recognition motifs. While unclear, it has been proposed that eIF4B/eIF4H-mediated 
eIF4A helicase enhancement occurs as a result of ssRNA binding, thus preventing mRNA re-
annealing (Marintchev et al, 2009). The interaction between eIF4G and PABP bound to the 3' 
poly(A) tail forms a “closed-loop structure”, thought to stimulate the attachment of the 43S 
preinitiation complex to the mRNA (Hinnebusch & Lorsch, 2012).  
 
It is important to note however that the mechanism by which the eIF4E-bound capped mRNA 
enters the mRNA-binding channel on the 40S ribosomal subunit during 43S preinitiation 
complex attachment remains unclear (Jackson et al, 2010). Sterically, it would be difficult for 
eIF4E-bound mRNA to “thread” through the mRNA-binding channel, requiring separation of 
the two, and an alternative model was proposed whereby the mRNA “slots” into the binding 
channel downstream of the cap structure. However, in this model the initiator tRNA would be 
unable to inspect certain nucleotides immediately downstream of the cap. Both models are 
illustrated in Figure 1.2. A recent study using an in vitro reconstitution approach on model 
RNAs has illustrated that the very 5' terminal nucleotides are inspected following 43S complex 
attachment providing support for the “threading model” (Kumar et al, 2016b), although further 





Figure 1.2 Hypothetical models of eIF4F-mediated ribosomal attachment to mRNA 
According to the “slotting” model (left), eIF4E resides close to the mRNA exit channel on the 
40S subunit. 40S subunits are recruited to an internal region of the mRNA which “slots” directly 
into the mRNA-binding channel without disruption of the eIF4E-cap interaction, preventing 5' 
terminal nucleotides from being inspected by Met-tRNAiMet. eIF4F is positioned at the lagging 
end of the scanning preinitiation complex. In the “threading model” (right), eIF4E is located 
close to the mRNA entrance channel. Disruption of the eIF4E-cap interaction is required to 
permit the ‘threading” of mRNA directly into the mRNA-binding channel on the 40S subunit 
(indicated by a red line), thus allowing Met-tRNAiMet to inspect 5' terminal nucleotides. eIF4F 
is positioned at the leading edge of the scanning preinitiation complex. For simplicity, only 
eIF4F, eIF3 and the 40S subunit are shown. 
 
1.1.3 Ribosome scanning of mRNA 5' UTRs 
After attachment, 43S preinitiation complexes scan down the mRNA towards the initiating 
AUG codon. Scanning consists of two related processes; resolution of mRNA secondary 
structure and ribosomal movement along it (Jackson et al, 2010). Scanning is an intrinsic 
property of 43S preinitiation complexes along unstructured model RNAs without factors 
required for RNA unwinding, in a process that is dependent upon the scanning-competent 
conformation of the 40S ribosomal subunit induced by eIF1 and eIF1A (Pestova & Kolupaeva, 
2002; Passmore et al, 2007). It has been well characterised that stable RNA secondary structure 
can act as an impediment to ribosome scanning (Kozak, 1991; Babendure et al, 2006) and 
efficient resolution of only weak RNA secondary structures requires ATP, eIF4A, eIF4B and 
eIF4F (Pestova & Kolupaeva, 2002). The more stable the RNA structure, the higher the 
dependence on eIF4A and ATP (Svitkin et al, 2001; Jackson, 1991). However, the precise 
positioning of eIF4A within the scanning complex is unknown. Studies have suggested that 
eIF4A might contact the RNA upstream of the scanning preinitiation complex, unwinding 
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mRNA structure before entry into the mRNA-binding channel (Kumar et al, 2016b; Marintchev 
et al, 2009). An alternative model is that eIF4A and eIF4B work together to act exclusively as 
a clamp behind the scanning ribosomal complex, preventing 3'-5' backsliding and imposing 
unidirectionality (Spirin, 2009). A study examining the selection of two AUG codons in close 
proximity has suggested that ribosome scanning involves backwards “fluttering” of about 15 
nt, with net movement in the 5'-3' direction (Matsuda & Dreher, 2006). 
 
Studies performed in a reconstitution system for translation initiation have illustrated that, in 
addition to eIF4A, the DExH-box helicase DHX29 is required for translation initiation on 
RNAs containing highly structured 5' UTRs (Pisareva et al, 2008). DHX29 directly interacts 
with 40S subunits through a unique N-terminal region and NTP hydrolysis by its two RecA 
domains is essential for its role in initiation (Dhote et al, 2012). Knockdown of DHX29 in vivo 
reduces polysome assembly and impairs cancer cell proliferation (Parsyan et al, 2009). A cryo-
EM structure of DHX29 bound to the 43S preinitiation complex has illustrated that DHX29 
resides at helix H16 of the 40S ribosomal subunit near the mRNA-binding cleft and contacts 
eIF3 (Hashem et al, 2013a). It is unclear whether DHX29 unwinds mRNA secondary structure 
directly or instead indirectly facilitates scanning by inducing conformational changes within 
the 40S subunit. A recent study using a crosslinking approach in an in vitro system has shown 
that DHX29 addition does not affect the mRNA path into the 40S entry channel and moreover 
the helicase only weakly interacts with the mRNA in this region (Pisareva & Pisarev, 2016a). 
This suggests that DHX29, by contacting eIF3, facilitates higher processivity by remodelling 
the scanning ribosomal complex and not by direct mRNA unwinding. The yeast DEAD-box 
helicase protein Ded1 has also been implicated in scanning (Chuang et al, 1997), especially on 
long 5' UTRs (Berthelot et al, 2004), although the involvement of mammalian homologue 
DDX3 is less well defined (Abaeva et al, 2011; Jackson et al, 2010). 
 
1.1.4 Initiation codon recognition 
Scanning 43S complexes possess a discriminatory mechanism to promote recognition of the 
correct initiation codon. This codon is typically the first AUG codon present in good Kozak 
sequence context (GCC(A/G)CCAUGG), with a purine at the -3 position and G at the +4 
position (where A within AUG is designated +1; Kozak, 1991). eIF1 plays a key role in the 
fidelity of selection, whose presence prevents recognition of near-cognate codons and AUGs 
present in poor sequence context, as well as triggering disassembly of complexes formed upon 
cap-proximal AUG codons (Pestova et al, 1998a; Pestova & Kolupaeva, 2002; Pisarev et al, 
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2006). eIF1A is known to act synergistically with eIF1 (Pestova et al, 1998a) and the two 
together are responsible for maintaining the scanning-competent conformation of the small 
ribosomal subunit (Passmore et al, 2007). In the current model, establishment of correct codon-
anticodon base-pairing by Met-tRNAiMet within the ribosomal P site is thought to require a 
conformational change to a scanning-incompetent form, antagonised by eIF1 (Jackson et al, 
2010). Once this base-pairing has been established, the eIF1A-40S interaction is tightened 
(Maag et al, 2006) and eIF1 is displaced from the preinitiation complex (Unbehaun et al, 2004b; 
Lomakin et al, 2003; Maag et al, 2005). Consistent with this, mutations in yeast eIF1 that 
accelerate eIF1 disassociation from the 43S preinitiation complex in vitro trigger an increase in 
selection of UUG codons in vivo, highlighting the importance of eIF1 departure in the fidelity 
of initiation codon selection (Cheung et al, 2007). It is thought that the eIF2α subunit of eIF2 
interacts with the purine at the -3 position, antagonising disassembly of the 43S preinitiation 
complex by eIF1 and facilitating start codon selection (Pisarev et al, 2006). 
 
DHX29 has also been proposed to play a role in the fidelity of start codon selection. Using a 
reconstitution system for translation initiation, it was shown that DHX29 promotes linear 
scanning by ensuring that mRNA enters the binding channel on the 40S subunit in a single-
stranded form, thus preventing “bypass” of stem-loop structures (Abaeva et al, 2011). 
Furthermore, DHX29 addition promotes recognition of AUG codons but not near-cognate CUG 
codons in a manner dependent upon its interaction with eIF1A, most likely through 
conformational modulation of the scanning ribosomal complex (Pisareva & Pisarev, 2016b). 
As two subunits of eIF3 (eIF3a and eIF3c) also interact with eIF1 and eIF1A, eIF3 may 
additionally influence initiation codon selection (Querol-Audi et al, 2013). Upon start codon 
recognition and establishment of correct codon-anticodon base-pairing, the scanning 43S 
complex forms a 48S complex at the initiating codon. 
 
1.1.5 Commitment and 60S ribosomal subunit joining 
The commitment step which commits the assembled 48S complex to 60S ribosomal subunit 
joining is mediated by eIF5, an eIF2-specific GTPase activating protein (GAP) (Jackson et al, 
2010). eIF5 interacts with the eIF2 subunit eIF2β and induces the GTPase activity of eIF2γ, 
potentially by acting as a classical GAP by providing an arginine finger (Paulin et al, 2001). 
GTP hydrolysis leads to partial dissociation of eIF2 from the preinitiation complex by reducing 
its affinity for Met-tRNAiMet (Pisarev et al, 2006; Kapp & Lorsch, 2004). Premature hydrolysis 
and subsequent Pi release is prevented by eIF1 (Unbehaun et al, 2004b; Algire et al, 2005), 
which departs from the preinitiation complex upon establishment of correct codon-anticodon 
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base-pairing (Maag et al, 2005). A recent cryo-EM structure of the yeast preinitiation complex 
has suggested that the N-terminal domain of eIF5 contacts the site vacated by eIF1 on the 40S 
subunit (Llácer et al, 2018). eIF5 also possesses GDP dissociation inhibitor activity 
independent of its GAP activity and thus negatively regulates the recycling of eIF2-GDP by the 
guanine nucleotide exchange factor (GEF) eIF2B to reform eIF2-GTP (Jennings & Pavitt, 
2010). 
 
The joining of the 60S ribosomal subunit and subsequent departure of eIFs is mediated by 
eIF5B, a ribosome-dependent GTPase (Unbehaun et al, 2004b; Pestova et al, 2000). 60S joining 
requires GTP-bound eIF5B but is independent of GTP hydrolysis. GTPase activity is triggered 
by the interaction of eIF5B with the C-terminal tail of eIF1A (Olsen et al, 2003; Marintchev et 
al, 2003; Acker et al, 2006) which accelerates the release of eIF1A and eIF5B from the 80S 
ribosomal complex (Pestova et al, 2000; Shin et al, 2002; Acker et al, 2009). At this point 
productive protein synthesis can begin. Some factors such as eIF3 may remain transiently 
associated with the elongating ribosome, which could permit rescanning and reinitiation 
following translation of a short upstream open reading frame (uORF) (Jackson et al, 2010; 
Pöyry et al, 2004). 
 
1.1.6 Control 
Mechanisms that regulate translation initiation fall broadly into one of two categories; those 
that directly impact eIFs and thus impact all scanning-dependent initiation events or those that 
impact certain mRNAs specifically (Jackson et al, 2010). A well-established example of the 
former is phosphorylation of the eIF2α subunit of eIF2 on serine-51 by one of four mammalian 
kinases including protein kinase R (PKR), whose activation by dsRNA is important in cellular 
antiviral responses, and PKR-like endoplasmic reticulum kinase (PERK), which is activated by 
ER stress as part of the unfolded protein response in the ER lumen (reviewed in Proud, 2005). 
Phosphorylation of eIF2α triggers sequestration of the GEF eIF2B by eIF2α-GDP, thus 
preventing recycling of eIF2-GDP to eIF2-GTP and inhibiting ternary complex formation. 
While this typically downregulates translation of most cellular transcripts, certain transcripts 
are preferentially upregulated. A well-characterised example is ATF4, the mRNA of which 
possesses two uORFs. Under conditions of reduced ternary complex, reinitiation at the second 
inhibitory uORF following translation of the first is reduced, thus permitting increased 




eIF4F is also affected by phosphorylation both directly and indirectly. Hypo-phosphorylation 
of eIF4E-binding proteins (4E-BP1-3 in mammals) leads to sequestration of eIF4E from its 
interaction with eIF4G thus abrogating cap-dependent translation initiation, whereas 
phosphorylation of 4E-BPs by the kinase mammalian target of rapamycin (mTOR) releases this 
inhibition (Ma & Blenis, 2009). Direct phosphorylation of eIF4E is mediated by mitogen-
activated protein kinase-interacting kinase (Mnk) 1/2 at serine-209, leading to translational 
upregulation of certain classes of mRNAs involved in cell proliferation, interferon production 
and inflammation through a poorly characterised mechanism (Furic et al, 2010; Herdy et al, 
2012; Ueda et al, 2004; Waskiewicz et al, 1997). 
 
Translational regulation of specific mRNAs can occur through a variety of different 
mechanisms but often involves the recognition and binding of an RNA-binding protein to 
appropriate accessible sequences located either at the 5' or 3' UTR of the mRNA (Jackson et al, 
2010; Gebauer & Hentze, 2004). A well characterised example is binding of the iron regulatory 
proteins to a specific stem-loop motif within the 5' UTR of the ferritin mRNAs, which block 
eIF4F-dependent recruitment of the 43S preinitiation complex under conditions of iron 
depletion (Gray & Hentze, 1994; Muckenthaler et al, 1998). Most protein-binding regulatory 
motifs are found within the 3' UTR of mRNAs and are typically involved with the formation of 
an inhibitory “closed loop” to spatially occlude the recruitment of eIF4F to the 5' cap structure, 
highlighting the importance of interactions between the 5' and 3' ends of mRNA in translation 
regulation. An example of such a loop is found during vertebrate oocyte maturation on mRNAs 
containing uridine-rich cytoplasmic polyadenylation elements within their 3' UTRs. This motif 
is bound by the cytoplasmic-polyadenylation-element-binding protein, which interacts with a 
protein possessing an eIF4E-binding domain known as Maskin, in turn disrupting the eIF4E-
eIF4G interaction thus decreasing translation initiation (Stebbins-Boaz et al, 1999).  
 
The 3' UTRs of mRNAs are also targeted by microRNAs (miRNAs), typically 21 to 25 nt in 
length, that base-pair imperfectly with specific RNA sequences in complex with Argonaute 
proteins (Ago1-4 in humans) (Jackson et al, 2010). While initially it was unclear whether 
miRNAs hindered translation or enhanced degradation of target mRNAs, the current model is 
that both occur sequentially, with translational inhibition preceding mRNA degradation 
(Djuranovic et al, 2012; Bazzini et al, 2012; Meijer et al, 2013). The mechanism of translational 
inhibition is unclear, but has been proposed to involve eIF4AII (Meijer et al, 2013), one of two 
mammalian homologues of eIF4A that are not functionally identical (Galicia-Vázquez et al, 




It is becoming increasingly apparent that modifications to ribosomal RNA and nonessential 
ribosomal proteins also impart regulation upon translation initiation and mRNA selection 
(Kwan & Thompson, 2019). This challenges the paradigm that ribosomes are merely the protein 
synthesis machinery and opens up new avenues of translational control to investigate. For 
example, the ribosomal protein RPL38 helps to selectively facilitate the translation of Hox 
mRNAs that are important in mammalian development (Kondrashov et al, 2011; Xue et al, 
2015). 
 
1.2 Noncanonical mechanisms of translation initiation 
Cap-dependent translation is typically downregulated under conditions of cellular stress (Wek, 
2018) or during some viral infections (Stern-Ginossar et al, 2018). As a result, cellular or viral 
proteins that are required to adapt or survive are synthesised via noncanonical mechanisms of 
translation initiation. These mechanisms vary with regards to eIF requirement, whether 
scanning or 5' cap recognition are used and the cellular conditions in which they occur. Detailed 
knowledge of these mechanisms have lagged behind our understanding of canonical translation 
initiation largely due to a lack of genetic and biochemical systems, as many of these 
mechanisms function only in mammals and not yeast  (Kwan & Thompson, 2019).  
 
1.2.1 IRES-mediated 
An internal ribosome entry site (IRES) is a complex RNA secondary structure that facilitates 
the direct recruitment of ribosomes and eIFs internally in a 5'- and cap-independent manner. 
These diverse structures are often used by viruses during infection to ensure translation of their 
own genomes at the expense of the host genome under conditions of translational suppression 
(Jackson et al, 2010; Walsh & Mohr, 2011; Lozano & Martínez-Salas, 2015). Viral IRESs are 
classified based on their structure, eIF requirement and mechanism of initiation (Kwan & 







Table 1.2 IRES classification 
Adapted from Kwan & Thompson, 2018. Type I-V refer to picornaviral IRES subtypes. Many 
IRESs also require cellular IRES trans-acting factors (ITAFs) for activity. eIF4Gm (eIF4G736-
1115), middle fragment of eIF4G; PV, poliovirus; EMCV, encephalomyocarditis virus; HAV, 
hepatitis A virus; HCV, hepatitis C virus; CrPV, cricket paralysis virus; HIV, human 
immunodeficiency virus; SIV, simian immunodeficiency virus; FIV, feline immunodeficiency 
virus. 
 
Name eIF requirement Examples Notable features 
Type I eIF2, eIF3, 
eIF4A, eIF4Gm 
PV, enterovirus 71, bovine 
enterovirus, coxsackievirus B3, 
human rhinovirus 2 
Ribosomal scanning 
from site of 
recruitment 
Type II eIF2, eIF3, 
eIF4A, eIF4B, 
eIF4Gm 
EMCV, foot-and-mouth disease 
virus, Theiler’s murine 
encephalomyelitis virus 
Initiates translation 
directly from site of 
recruitment 
Type III eIF2, eIF3 Avian encephalomyelitis virus, 
porcine teschovirus 1, simian 
picornavirus 9 
 
Type IV eIF2, eIF3, 
eIF4A, eIF4B, 
eIF4E, eIF4G 
HAV eIF4E requirement 
but not cap-binding 






HCV-like eIF2, eIF3 HCV, classical swine fever 
virus 
Can bind directly to 
the 40S subunit 
Dicistrovirus None CrPV, Drosophila C virus, 
influenza A virus, Plautia stali 
intestine virus 
Initiates in the 
absence of eIFs 
Retrovirus eIF4A, eIF4G, 
eIF5A 
HIV-1, SIV, FIV, human T-cell 
leukaemia virus 1 
 
Herpesvirus eIF4F Kaposi sarcoma herpesvirus, 
Marek’s disease virus 
 
 
The first to be identified were the IRESs from the Picornaviridae family members poliovirus 
(PV) (Pelletier & Sonenberg, 1988) and encephalomyocarditis virus (EMCV) (Jang et al, 1988), 
both ~450 nt long which exemplify Type I and Type II IRESs, respectively. Subsequent 
reconstitution experiments have shown that both require all but eIF4E and the N-terminal 
domain of eIF4G (in which the eIF4E-binding site is located) of the canonical set of translation 
initiation factors (Pestova et al, 1996a, 1996b). Both types of IRES rely on the specific 
recruitment of eIF4G to a domain adjacent to a Yn-Xm-AUG motif (pyrimidine tract-spacer-
AUG) within the IRES structure (Kolupaeva et al, 2003; de Breyne et al, 2009). This interaction 
allows these IRESs to retain activity in virus-infected cells when eIF4G has been cleaved by 
viral proteases, thus “shutting off” host cell translation (Gradi et al, 1998). Both IRES types 
also require additional cellular factors termed IRES trans-acting factors (ITAFs) for efficient 
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activity, namely polypyrimidine tract-binding protein (PTB) (Pilipenko et al, 2000) in the case 
of EMCV and poly(C)-binding protein 2 (PCBP2) in PV (Sweeney et al, 2014). 
 
Hepatitis C virus (HCV), a member of the family Flaviviridae and the genus Hepacivirus, 
contains a 341 nt IRES (Hellen, 2009). Biochemical reconstitution experiments have revealed 
that the 40S ribosomal subunit, Met-tRNAiMet and eIF2 are sufficient for 48S complex 
formation in the absence of other factors in a scanning-independent manner, with eIF3 
stabilising this complex and playing a role in 60S subunit joining along with eIF5 and eIF5B 
(Reynolds et al, 1996; Pestova et al, 1998b; Locker et al, 2007). As such, the HCV IRES 
functionally replaces the activity of the eIF4F complex in translation initiation. Under 
conditions of cellular stress, the IRES also facilitates an eIF2-independent mode of initiation 
(Pestova et al, 2008). The HCV IRES can directly interact with both eIF3 and the 40S ribosomal 
subunit (Pestova et al, 1998b) and recent high resolution cryo-EM structures have provided 
mechanistic insights into these interactions (Hashem et al, 2013b; Quade et al, 2015; 
Yamamoto et al, 2015).  
 
The most elegant form of viral IRES is exemplified by the Dicistroviridae family member 
cricket paralysis virus (CrPV), which possesses a ~200 nt sequence that directly positions the 
non-AUG initiation codon of the IRES within the A site of the 40S ribosomal subunit in the 
absence of Met-tRNAiMet and eIFs (Sasaki & Nakashima, 2002; Pestova & Hellen, 2003; 
Schüler et al, 2006). Interestingly, both the CrPV (Spahn et al, 2004) and HCV (Spahn et al, 
2001) IRESs induce conformational changes in the 40S ribosomal subunit, similar to the 
conformational changes induced by binding of eIF1 and eIF1A within the 43S preinitiation 
complex (Passmore et al, 2007). This illustrates that mRNA structure alone is capable of 
mediating ribosome recruitment and manipulation. 
 
1.2.2 Cap-independent translation elements 
Cap-independent translation elements (CITEs) are responsible for the translation of plant 
viruses of the families Tombusviridae and Luteoviridae whose RNAs lack 5' cap structures and 
poly(A) tails (Kwan & Thompson, 2019). These elements are typically found within the 3' UTR 
and recruit the 40S ribosomal subunit by directly interacting with the eIF4F complex, with long-
range RNA-RNA interactions bridging the 5' and 3' UTRs to facilitate loading and subsequent 
scanning at the 5' end. CITEs vary dramatically in sequence and structure and to date seven 
different classes have been described (Miras et al, 2017). A well characterised CITE is found 
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within barley yellow dwarf virus RNA, which binds predominately to eIF4G within the eIF4F 
complex (Treder et al, 2008; Sharma et al, 2015). This element contains a 17 nt conserved 
sequence (GGAUCCUGGGAAACAGG) involved in the formation of a stem-loop structure 
required for this recruitment. 
 
1.2.3 N6-methyladenosine 
Methylation of adenine residues within mRNA to generate N6-methyladenosine (m6A) is the 
most common form of mRNA posttranscriptional modification and has been linked to mRNA 
turnover and translational efficiency (reviewed in Peer et al, 2018). A recent study has found 
that these modifications within the 5' UTR can mediate cap-independent translation initiation 
through direct interaction with eIF3 in a manner requiring a free 5' end (Meyer et al, 2015). By 
mapping m6A modifications under different cellular conditions, it has been shown that m6A 
modifications are enriched within the 5' UTRs of nascent mRNAs following heat shock, 
suggesting that this mechanism could act to ensure translation of stress response factors under 
conditions of cellular stress (Meyer et al, 2015; Zhou et al, 2015). Further research is required 
to investigate the mechanism and regulation of m6A-mediated initiation. 
 
1.2.4 eIF2D  
eIF2D (also known as Ligatin) is a protein that was identified through its ability to deliver Met-
tRNAiMet to 40S ribosomal subunits in the absence of GTP (Dmitriev et al, 2010) and separately 
through its ability to release deacylated tRNA and mRNA from recycled 40S subunits (Skabkin 
et al, 2010). In a reconstitution system, eIF2D can replace eIF2 in mediating translation 
initiation on several mRNAs including the 26S subgenomic RNA of Sindbis virus (SV) 
(Skabkin et al, 2010), thus potentially explaining how translation of this RNA continues during 
infection despite translational shutoff induced by eIF2α phosphorylation (McInerney et al, 
2005; Ventoso et al, 2006). However, this mechanism has been poorly characterised and is 
thought to depend on direct recruitment of the 40S ribosomal subunit to the initiating AUG 
codon of SV 26S mRNA, rather than scanning (Skabkin et al, 2010). In comparison to eIF2-
GTP which binds Met-tRNAiMet and delivers it to the 40S subunit (Jackson et al, 2010), the 
interaction of eIF2D with Met-tRNAiMet is 40S-dependent and thus it has been proposed that 
eIF2D acts to anchor initiator tRNA to the small ribosomal subunit (Skabkin et al, 2010; 
Weisser et al, 2017). Cryo-EM and crystal structures of 40S ribosomal subunits bound to eIF2D 
or MCT-1/DENR (related proteins which are homologous to the N- and C-terminal regions of 
eIF2D, respectively) have illustrated that eIF2D occupies the equivalent position as eIF1, as 
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well as partially overlapping binding sites for eIF2, eIF5, eIF5B and eIF3 (Lomakin et al, 2017; 




Using an immunoprecipitation approach, it was shown that eIF3 binds directly to a large 
number of cellular mRNAs linked to cell proliferation including c-JUN and either mediates 
translational activation or repression through binding to different RNA secondary structures 
(Lee et al, 2015). A follow-up study has illustrated that a subunit of eIF3, eIF3d, possesses cap-
binding activity and thus permits eIF4E-independent translation of c-JUN (Lee et al, 2016). 
eIF3d exhibits structural homology to DXO proteins, a family of 5' cap endonucleases (Chang 
et al, 2012; Jiao et al, 2013), with an additional insertion termed the “RNA gate” thought to 
prevent promiscuous cap binding through allosteric interactions with other eIF3 subunits (Lee 
et al, 2016). Furthermore, c-JUN mRNA contains a cis-acting element that blocks eIF4F-
dependent ribosome recruitment, ensuring that translation only occurs through this eIF4E-
independent mechanism (Lee et al, 2016). It remains to be determined how widespread eIF3d-
specific translation initiation is and whether it is exploited by viruses during infection to escape 
regulation by 4E-BPs.  
 
1.2.6 Ribosomal shunting 
Some notable exceptions to the linear mode of scanning performed by the 43S preinitiation 
complex during translation initiation have been identified. For example, scanning complexes 
upon late adenovirus mRNAs have been shown to undergo ribosome shunting under the 
conditions of reduced eIF4E phosphorylation, in which the ribosomes are recruited to the 
mRNA in a 5' end-dependent manner before subsequently bypassing large sections of mRNA 
including stable secondary structures inhibitory to translation (Yueh & Schneider, 1996). 
Evidence for this mechanism comes from the fact that translation from an additional AUG 
codon inserted within the bypassed region on shunt-competent adenovirus reporter RNAs 
transfected into 293 cells is not seen during late adenovirus infection or following heat shock, 
both of which inhibit eIF4E phosphorylation. Instead, translation only initiates from the 
downstream authentic AUG codon. Comparatively, in uninfected cells products from both the 
introduced and authentic AUG codons are observed, suggesting that under normal 
physiological conditions both linear scanning and shunting occur (Yueh & Schneider, 1996). 
The shunting mechanism is dependent upon a 200 nt tripartite leader sequence, which is 
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complimentary to the 18S rRNA 3' hairpin of the 40S ribosomal subunit, and is promoted by 
interaction of the adenovirus 100k protein with eIF4G (Yueh & Schneider, 2000, 1996; Xi et 
al, 2005). As ribosome shunting on cauliflower mosaic virus requires translation of a short 
uORF, it has been speculated that shunting may represent a special form of reinitiation (Pooggin 
et al, 1998; Ryabova & Hohn, 2000). Many questions still remain about precisely how such 
complexes are reinitiated following shunting and the eIFs required for this process. 
 
Taking all of the evidence into consideration then, the study of translation is ultimately still in 
its infancy. While many of the key factors and regulatory mechanisms controlling canonical 
translation initiation have been identified, key details regarding the topology of the scanning 
complex as well as the involvement of additional factors such as nonessential ribosomal 
proteins are still ill-defined. Additionally, it is becoming increasingly apparent that translation 
initiation can occur through a variety of noncanonical mechanisms, many of which have so far 
have been poorly characterised both in terms of mechanistic detail and in terms of prevalence. 
As obligate intracellular parasites that manipulate the host cell translation machinery, viruses 
have provided an invaluable tool to probe many of these different mechanisms. Looking to the 
future, the major challenge lies in determining the relative contribution of these initiation 
mechanisms to overall gene expression in different physiological states, such as during cancer 
progression or early in mammalian development. 
 
1.3 Flavivirus classification and disease 
 The genus Flavivirus of the family Flaviviridae consists of more than 70 positive-sense RNA 
viruses, many of which are human pathogens including Dengue virus (DENV), made up of four 
closely related but antigenically distinct serotypes (1-4), and Zika virus (ZIKV). Other notable 
members include West Nile virus (WNV), yellow fever virus (YFV) and Japanese encephalitis 
virus (JEV). These viruses are typically arthropod-borne (and are thus classified as arboviruses) 
and have been traditionally assigned based on their arthropod vectors into one of three clusters; 
mosquito-borne (MBFVs), tick-borne (TBFVs) and no-known-vector (NKFVs) flaviviruses 
(Kuno et al, 1998; Cook & Holmes, 2006). While the MBFVs and the TBFVs can replicate in 
both vertebrates and arthropods, NKFVs have typically only been isolated from vertebrates and 
are bat- or rodent-associated (Blitvich & Firth, 2017). More recently, a fourth cluster has been 
identified referred to as insect-specific flaviviruses (ISFVs), members of which can only 




The MBFVs (hence referred to as flaviviruses) can be further subdivided into Old World viruses 
linked to Aedes species mosquito transmission that cause haemorrhagic fever symptoms such 
as DENV and YFV or Old and New World viruses linked to Culex species mosquito 
transmission that cause encephalitis disease symptoms such as JEV and WNV (Huang et al, 
2014). The emergence and persistence of these viruses is likely linked to the expanding habitat 
ranges of their insect vectors (Liang et al, 2015), as well as globalisation and poor 
environmental sanitation within densely populated urban areas (Imperato, 2016). While efforts 
to control vector-mediated transmission have been made (Benelli & Mehlhorn, 2016), ethical 
issues surrounding the use of transgenic mosquitoes (Resnik, 2014) and chemical resistance 
(Liu, 2015) have provided obstacles. 
 
ZIKV infection is mainly linked to Aedes species mosquito transmission, although in contrast 
to other pathogenic flaviviruses ZIKV can also spread horizontally from person to person 
through sexual contact or vertically from mother to foetus (Petersen et al, 2016). While distinct 
African and Asian lineages exist, differing less than 5 % at the amino acid level (Haddow et al, 
2012), neutralisation studies suggest that ZIKV exists as a single serotype (Dowd et al, 2016). 
ZIKV infection is usually asymptomatic but common symptoms include rash, arthritis or 
arthralgia, conjunctivitis, myalgia, headache and retro-orbital pain (Petersen et al, 2016). 
During the recent epidemic in Brazil (2015-2016), a striking increase in congenital 
microcephaly cases was observed and a case-control study has found an increased risk of 
microcephaly associated with ZIKV infection (de Araújo et al, 2016, 2018). Findings from this 
study have been supported by evidence showing that ZIKV genetic material can be detected 
within the amniotic fluid surrounding an infected foetus (Calvet et al, 2016) and from foetal 
brain tissue (Mlakar et al, 2016; Driggers et al, 2016). Furthermore, it has been shown in 
numerous in vivo and in vitro models that ZIKV infection disrupts neurodevelopment (Cugola 
et al, 2016; Miner et al, 2016; Qian et al, 2016; Tang et al, 2016; Adams Waldorf et al, 2016). 
ZIKV infection has also been linked to other severe neurological diseases including the 
autoimmune disease Guillain-Barré syndrome in infected adults (Cao-Lormeau et al, 2016).   
 
To date, there is no approved vaccine or specific antiviral against ZIKV infection and prescribed 
treatment is palliative. Numerous attempts have been made to screen FDA-approved drugs for 
antiviral activity generating hits such as the anthelminthic niclosamide, the antimicrobial 
daptomycin and the antibiotic azithromycin (Xu et al, 2016; Barrows et al, 2016; Retallack et 
al, 2016), although their efficacy is limited. A better understanding of how flaviviruses such as 
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ZIKV co-opt the host cell machinery during infection could lead to new therapeutic targets 
being identified, whether they be viral or cellular in origin. 
 
1.4 Flavivirus genome organisation  
The flaviviral genome consists of a positive-sense single-stranded RNA of ~11 kb in size. The 
genome possesses a cap1 structure (m7GpppAmp) at its 5' end (Ray et al, 2006; Zhou et al, 
2007; Saeedi & Geiss, 2013) but lacks the 3' poly(A) tail (Wengler & Wengler, 1981) that is 
characteristic of cellular mRNAs. The genome consists of a single ORF flanked by 5' and 3' 
UTRs of ~100 nt and 400-700 nt, respectively (Rice et al, 1985). The ORF is expressed as a 
single polyprotein that is co- and post-translationally cleaved to yield 10 different mature 
proteins (Rice et al, 1985; Nowak et al, 1989; Bera et al, 2007). A schematic of flavivirus 






Figure 1.3 Schematic of flavivirus genome organisation 
The structural proteins consist of capsid (C), precursor of membrane (prM) and envelope (E) 
proteins. The non-structural (NS) proteins possess numerous activities. Broadly, NS1 functions 
in negative-strand synthesis and protection from cell compliment, NS2A/B and NS4A/B are 
involved with replication complex assembly at the ER, NS2B-NS3 function as a protease and 
NS5 possesses RNA-dependent RNA polymerase and capping activity. The genome is 
translated as a single polyprotein before cleavage by NS2B-NS3 (cleavage sites are indicated 
by arrows) and other cellular proteases. The viral 2K peptide is entirely membrane-inserted and 
formed from protease cleavage between NS4A and NS4B (Fernández-Sanlés et al, 2017; 









1.5 The flavivirus lifecycle 
 
Figure 1.4 Schematic of the flavivirus lifecycle 
Attachment occurs through a variety of different receptors and co-receptors. Entry is clathrin-
mediated and genome release into the cytosol depends upon the low pH environment of the 
endosome. Engagement of the genome by the translation machinery results in ER-localisation 
and subsequent translation. Genome replication takes place within ER-derived replication 
complexes. Virion assembly takes place at the ER membrane and virion maturation occurs 
within the Golgi network driven by changes in pH (Fernández-Sanlés et al, 2017; Barrows et 
al, 2018). Positive-sense RNA is in red whereas negative-sense is in blue. 
 
1.5.1 Virion structure and attachment 
Cryo-EM has shown that mature flavivirus virions are structurally well conserved (typically 50 
nm in diameter) and consist of an icosahedral shell containing 180 copies each of the envelope 
(E) glycoprotein with the membrane (M) protein or precursor membrane (prM) protein 
anchored in a lipid membrane (Sirohi et al, 2016; Kuhn et al, 2002; Zhang et al, 2013; 
Mukhopadhyay et al, 2003; Kostyuchenko et al, 2016). Little is known about the structure of 
the interior, presumed to contain a single viral genome complexed with several hundred copies 
of the capsid (C) protein (Garcia-Blanco et al, 2016). 
 
Cell attachment is mediated by the viral E protein, the structure of which differs around 
glycosylation sites at the virion exterior between flaviviruses (Sirohi et al, 2016; Kostyuchenko 
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et al, 2016). It is likely that flaviviruses require multiple different low affinity receptors and co-
receptors that define pathogenesis and tissue tropism, potentially explaining the broad range of 
disease manifestations seen in infected patients (Cruz-Oliveira et al, 2015). Several have been 
characterised for DENV and include the mannose receptor on macrophages (Miller et al, 2008) 
and the dendritic cell-specific ICAM3 grabbing nonintegrin on immature dendritic cells 
(Pokidysheva et al, 2006). Receptors for ZIKV have been less well-characterised, although 
several studies have proposed that the receptor tyrosine kinase Axl acts as a major entry receptor 
for ZIKV in neural stem cells (Hamel et al, 2015; Savidis et al, 2016; Nowakowski et al, 2016). 
 
It has been well-established that secondary infection by a different DENV serotype is associated 
with severe dengue disease in a phenomenon termed antibody-dependent enhancement (ADE) 
(Guzman et al, 2013; Halstead & O’Rourke, 1977). An explanation for this observation is that 
heterotypic antibodies produced against the first DENV serotype recognise and bind to the 
heterologous serotype but instead of mediating virus neutralisation, facilitate internalisation of 
antibody-bound virions within FcγR-expressing cells (Guzman et al, 2013; Murphy & 
Whitehead, 2011). This provides an additional uptake mechanism for infectious DENV into 
typically non-permissive cell types. While it was initially hypothesised that ADE of ZIKV in 
response to a primary DENV infection may provide a mechanism for crossing the placental 
barrier, recent in vivo studies have suggested that a pre-existing DENV infection does not pre-
dispose rhesus macaques or human patients to ZIKV infection (McCracken et al, 2017; Pantoja 
et al, 2017; Terzian et al, 2017). 
 
1.5.2 Entry 
Clathrin-mediated endocytosis is thought to be the primary mechanism by which flavivirus 
virions enter both mammalian and mosquito cells (Chu & Ng, 2004; van der Schaar et al, 2008; 
Acosta et al, 2008; Mosso et al, 2008). Single particle tracking of DENV virions in African 
green monkey kidney cells illustrates that virions are initially delivered into early Rab5-labelled 
endosomes that subsequently mature into Rab7-positive late endosomes, from within which 
membrane fusion occurs (van der Schaar et al, 2008). This membrane fusion is thought to 
depend on the actions of the cellular vacuolar ATPase (vATPase), a multi-subunit protein that 
actively pumps protons into the endosome thus lowering pH (Forgac, 2007). Ingestion of the 
vATPase inhibitor bafilomycin or depletion of vATPase subunits was found to reduce DENV 
titres in vivo during infection of mosquitos (Kang et al, 2014). Additionally, the FDA-approved 
drug chloroquine that inhibits endosome acidification has been shown to impair ZIKV 
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infectivity and vertical transmission within mouse models of infection, suggesting that targeting 
viral entry may represent a potential therapeutic target (Shiryaev et al, 2017; Li et al, 2017). 
 
Evidence from structural studies has suggested that flaviviral entry from within the late 
endosome relies upon pH-dependent trimerization of the E protein thus exposing a fusion 
peptide (Modis et al, 2004; Mukhopadhyay et al, 2005). This ultimately results in the fusion of 
the viral and endosomal membranes thus depositing the viral RNA in complex with viral C 
protein into the cytosol. The mechanism of genome release from this complex is unclear, but it 
has been linked to C protein ubiquitination (Byk et al, 2016) and ribosome elongation (Garcia-
Blanco et al, 2016). 
 
1.5.3 Viral translation 
Translation of the flavivirus genome during infection is thought to initiate through a cap- and 
eIF4E-dependent mechanism, as the viral genome encodes the activities required for addition 
of a 5' cap1 structure including N-7 and 2′-O methylation (Ray et al, 2006; Egloff et al, 2002; 
Issur et al, 2009; Bartelma & Padmanabhan, 2002; Wengler & Wengler, 1993). A mRNA cap 
structure is illustrated in Figure 1.5. It has been shown that addition of an N-7 methylated cap 
greatly enhances translation of a luciferase-containing WNV replicon (Ray et al, 2006) and a 
firefly luciferase (Fluc) reporter flanked by the UTRs of DENV (Chiu et al, 2005) following 
transfection into baby hamster kidney (BHK) or Vero cells, respectively. Furthermore, 
mutational analysis of WNV infectious clones has shown that virally-encoded cap N-7 
methylation activity is essential for viral replication (Zhou et al, 2007; Dong et al, 2008a). 
Comparatively, 2′-O methylation of the cap-proximal nucleotide (distinguishing a “self” cap1 
structure from a “non-self” cap0 structure) is not essential for viral replication but instead has 
been proposed to prevent recognition from the interferon-induced proteins with 
tetratricopeptide repeats (IFIT) family of RNA-binding proteins, as IFIT1 can attenuate 2′-O 
methyltransferase-deficient ZIKV and WNV (Daffis et al, 2010; Johnson et al, 2018). As IFIT1 
has been shown to inhibit cap-dependent translation initiation by outcompeting eIF4F for 
binding to the cap0 structure (Kumar et al, 2014), taken together, these data suggest that a cap-








Figure 1.5 The 5′ cap structure 
The cap structure is attached to the 5′ end of mRNA via a 5′-5′ triphosphate bridge. Indicated 
in red are the methyl groups (and corresponding enzymatic activities) whose addition is 
catalysed by NS5 (Ray et al, 2006; Egloff et al, 2002). 2′-O methylation of the cap-proximal 
nucleotide is found in higher eukaryotes and distinguishes a cap1 from a cap0 structure (Kumar 
et al, 2014). 
 
However, a recent study has shown using polysome profiling of infected human hepatoma 
Huh7 cells that DENV (all serotypes), ZIKV and WNV infection all induce host cell 
translational repression at the initiation stage and suppress stress granule formation (Roth et al, 
2017). This translational repression occurs independently of characterised pathways of 
inhibition, namely phosphorylation of eIF2α or eIF4E sequestration by 4E-BP1. Furthermore, 
DENV infection was found to phosphorylate eIF4E through Mnk1, and while eIF4E 
phosphorylation was not responsible for host cell translational suppression or DENV 
replication, active Mnk1 signalling was found to enhance infectious DENV particle production 
(Roth et al, 2017). As such, the mechanism that allows translation of flaviviral genomes under 
these conditions at the expense of cellular mRNAs is unclear. 
 
One hypothesis is that flaviviruses can switch from a cap-dependent mechanism of translation 
initiation to a cap-independent mechanism under certain cellular conditions. DENV titres are 
unaffected when infected Vero or BHK cells are treated with drugs that result in the 
sequestration of eIF4E by 4E-BP1 or are depleted of eIF4E by siRNA (Edgil et al, 2006). 
Furthermore, efficient translation of an ApppN-capped (thus abolishing the interaction with 
eIF4E in comparison to m7GpppN-capped) Fluc reporter flanked by the DENV UTRs in BHK 
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cells only occurs under conditions of eIF4E sequestration, in a manner dependent upon both 
viral UTRs. This is consistent with the switch to a cap-independent mechanism only occurring 
under conditions of limited eIF4E availability. In agreement with this, transfection of ApppN-
capped full-length DENV RNA into BHK cells only leads to productive infection (typically 20-
30 % of the m7GpppN-capped equivalent) under pharmacological inhibition of eIF4E 
availability (Edgil et al, 2006).  
 
While this cap-independent mechanism of flaviviral translation initiation is proposed to be non-
IRES mediated (Edgil et al, 2006), a recent study has demonstrated that short nucleotide 
sequences within the 5' UTRs of DENV (96 nt) and ZIKV (107 nt) function as IRESs in 
mammalian BHK cells (Song et al, 2019). The cellular conditions in which such a mechanism 
might operate during infection remains to be determined and the identity of the cellular proteins 
responsible for this activity are completely unknown. It is likely that cap-dependent and cap-
independent (both non IRES and IRES-mediated) mechanisms are important at different stages 
of the flaviviral lifecycle, the hierarchy of which has implications for targeting translation 
initiation as a therapeutic strategy. Interestingly, it has also been shown that ribosomal proteins 
such as RPL18 and RPLP1/2 are required for flavivirus infectivity (Cervantes-Salazar et al, 
2015; Campos et al, 2017), providing an additional level of complexity. 
 
Translation of the flaviviral genome yields a polyprotein. Expression of the C protein within 
the viral polyprotein is likely to localise the positive-sense RNA genome to the ER membrane 
following transmembrane domain recognition by the signal recognition particle (SRP) (Garcia-
Blanco et al, 2016). Subsequent translation is thought to occur in association with ER 
membranes and a recent study has shown, by combining cell fractionation and ribosome 
profiling, that positive and negative-strand DENV RNA is highly partitioned within the ER 
during infection (Reid et al, 2018). Polyprotein processing is thought to be mediated by a 
variety of cellular and viral factors (reviewed in Barrows et al, 2018) including the viral 
protease NS2B-NS3 (Erbel et al, 2006; Chambers et al, 1990; Falgout et al, 1991). Subsequent 
expression and membrane integration of NS4A/B within the ER likely induces membrane 
rearrangements to facilitate the establishment of viral replication complexes (Miller et al, 2007; 
Roosendaal et al, 2006), which are visible by electron tomography in infected cells (Welsch et 
al, 2009; Cortese et al, 2017). The importance of this close ER association has been reaffirmed 
by genome-wide CRISPR studies illustrating that DENV replication is impaired when host cell 
factors linked to signal recognition or ER processing are knocked out (Zhang et al, 2016; 
Marceau et al, 2016; Savidis et al, 2016).  
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1.5.4 Genome replication 
The viral polymerase NS5 and the viral helicase NS3 form the core of the viral replication 
complex as between them they possess all of the catalytic activities required for genome 
replication and addition of a 5′ cap structure. NS5 possesses an N-terminal methyltransferase 
(MTase) domain containing three activities required for cap synthesis (guanylyltransferase, 
guanine-N7-methyltransferase and nucleoside-2′-O-methyltransferase) and a C-terminal RNA-
dependent RNA polymerase (RdRp) domain capable of de novo RNA synthesis (Issur et al, 
2009; Ackermann & Padmanabhan, 2001; Egloff et al, 2002; Ray et al, 2006). NS3 has serine 
protease activity facilitated by an N-terminal domain in conjunction with its cofactor NS2B and 
a C-terminal domain possessing helicase, nucleoside triphosphatase and 5′ RNA triphosphatase 
activity (Bollati et al, 2010). This core complex is tethered to the ER membrane during viral 
replication due to the interaction of NS3 with its membrane bound cofactor NS2B (Yu et al, 
2013). Other viral components of the replication complex include the ER lumen-localised NS1 
protein and the membrane-associated NS2A, NS2B, 2K and NS4B proteins (Lindenbach & 
Rice, 1999; MacKenzie et al, 1998; Miller et al, 2006). Localisation of replication intermediates 
within a membrane-derived replication complex is likely to prevent recognition by innate 
immune sensors early in infection (Suthar et al, 2013; Hoenen et al, 2007).  
 
Detailed biochemical analysis has shown that circularisation of the viral genome through long-
range RNA-RNA interactions is necessary for viral replication, with the cap-proximal stem-
loop at the 5′ end acting as a promoter for the initiation of negative-strand synthesis (see section 
1.6) (Filomatori et al, 2006; Lodeiro et al, 2009; Dong et al, 2008b; Filomatori et al, 2011). 
Subsequent replication occurs in a semi-conservative fashion leading to the formation of a 
dsRNA intermediate (Wengler et al, 1978). Very little is known about positive-strand synthesis, 
but it is likely independent of genome circularisation and thus a single dsRNA intermediate 
could act as a template to generate many positive-sense RNA genomes. As synthesis of a new 
positive-strand begins, the currently bound genome would be displaced and undergo further 
rounds of translation-replication or be packaged into virions (Garcia-Blanco et al, 2016).  
 
Capping of the nascent positive-strand RNA is thought to occur simultaneously with synthesis, 
but little is known about how these two processes are coordinated. The cap1 structure is formed 
in a three-step process. First, the triphosphatase activity of NS3 removes the terminal γ-
phosphate from the 5′ pppA structure before addition of GMP mediated by the 
guanyltransferase activity of NS5 (yielding GpppA) (Issur et al, 2009; Bartelma & 
Padmanabhan, 2002; Wengler & Wengler, 1993). Finally, the MTase activity of NS5 
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sequentially methylates the cap at the N-7 position and the 2′-O position of the cap-proximal 
nucleotide using S-adenosylmethionine as a methyl donor, yielding m7GpppAmp (Ray et al, 
2006; Egloff et al, 2002). 
 
1.5.5 Virion assembly and egress 
Flavivirus assembly occurs at the ER membrane. C, prM and E proteins assemble with viral 
genomes and bud into the ER lumen which has been visualised by cryo-electron tomography 
in both mammalian and insect cells (Junjhon et al, 2014; Welsch et al, 2009). Non-structural 
proteins including NS2A (Xie et al, 2014) and NS3 (Patkar & Kuhn, 2008) are thought to play 
a role in this process, although so far they have been poorly defined. Interestingly, studies using 
a DNA-based WNV Kunjin replicon system, in which RNA is produced by nuclear 
transcription and subsequently translated, replicated and packaged, has shown that a link exists 
between polymerase activity and viral assembly. Viral packaging of replicon RNA containing 
a mutated NS5 polymerase active site only occurred after trans-complementation of wildtype 
NS5 activity despite the availability of genomes from nuclear transcription, thus demonstrating 
that active polymerase activity is required for genome packaging (Khromykh et al, 2001b).  
 
Flavivirus virions mature as they travel through the Golgi and the trans-Golgi network, driven 
by the acidic pH within these compartments. This results in the loss of the spiky prM-E trimer 
projections characteristic of immature viral particles (Zhang et al, 2003), making prM 
accessible to cleavage by the furin cellular protease (Stadler et al, 1997). This cleavage event 
and changes in E protein arrangement lead to mature virion production and subsequent 
exocytosis from the infected cell (Mukhopadhyay et al, 2005). 
 
1.6 RNA structures within flavivirus genomes 
The majority of studies examining RNA secondary structure within flavivirus genomes have 
focused upon the terminal regions which contain numerous discrete RNA secondary structures 
that are essential for viral translation and viral replication (Gebhard et al, 2011). These 
structures were initially predicted bioinformatically (Brinton et al, 1986; Brinton & Dispoto, 
1988; Rauscher et al, 1997; Thurner et al, 2004) and are consistent with data obtained from 
RNA structure probing approaches both in vitro and inside cells during viral infection (Dethoff 
et al, 2018; Huber et al, 2019; Li et al, 2018). It is important to note however that such 
predictions typically only support the most stable of several possible genome structures, and 
indeed data from studies examining RNA-RNA pairing interactions within the viral genome 
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during infection has suggested that alternative conformations can form (Ziv et al, 2018; Li et 
al, 2018). Regardless, the predicted structures present within the 5' and 3' terminal regions are 
highly conserved within the Flavivirus genus despite the lack of extensive sequence 
conservation (Brinton & Dispoto, 1988). With regards to the 5' region, the impact of RNA 
secondary structures have mostly been examined in DENV and subsequently extrapolated to 
other flaviviruses (Fernández-Sanlés et al, 2017). 
 
1.6.1 Secondary structures within the 5' terminal region 
The 5' UTR of flaviviruses is relatively short compared to IRES-containing members of the 
Flaviviridae family and folds into two discrete structures (Figure 1.6). The first is the cap-
proximal stem-loop A (SLA), which folds into a conserved Y-shape due to the presence of a 
side stem-loop (SSL) emanating from the main structural element (Brinton & Dispoto, 1988). 
Studies have shown that SLA acts as the promoter for the viral polymerase NS5, facilitating its 
recruitment to the viral genome during infection (Filomatori et al, 2006; Lodeiro et al, 2009; 
Iglesias et al, 2011; Bujalowski et al, 2017). SLA is also required to direct cap formation at the 
5' end of nascent positive-strand genomes during RNA synthesis (Dong et al, 2007). 
Highlighting the importance of the NS5-SLA interaction with regards to capping, transfection 
of a mutant WNV infectious clone containing only weak N-7 methyltransferase activity 
produced revertant viruses bearing second site mutations within SLA as well as within NS5 
(Zhang et al, 2008c). As the cap structure is likely required for efficient translation (Chiu et al, 
2005; Ray et al, 2006), SLA therefore represents a key link between the processes of viral 
translation and viral replication. It has been speculated that NS5 recruitment to SLA during the 
course of infection could disrupt ribosome loading onto viral genomes, although this has not 





Figure 1.6 Structure of the 5′ terminal region of the flavivirus genome 
A schematic illustrating the structure of the 5′ terminal region of the flavivirus genome. The 
position of the initiating AUG is shown. Pseudoknot interactions are illustrated with a dotted 
line. The 5′ cap structure is represented as a circle. SLA, stem-loop A; SLB, stem-loop B; cHP, 




Downstream of SLA in most flaviviruses such as DENV, WNV and ZIKV exists a second 
smaller stem-loop B (SLB) that is more variable in terms of size and structure than SLA 
(Brinton & Dispoto, 1988). This stem contains the AUG initiation codon for translation, 
typically found in poor Kozak sequence context in the majority of MBFVs (Clyde & Harris, 
2006; Clyde et al, 2008). A U-rich tract separates SLA and SLB in DENV, deletion of which 
attenuates DENV (Lodeiro et al, 2009). A recent study has suggested that this tract actually 
forms a conserved RNA duplex that effectively extends SLB, termed the 5′-UAR-flanking stem 
(UFS; Liu et al, 2016). 
 
Within the C coding region at the 5' terminal end, the C coding region hairpin (cHP) stem and 
the downstream of 5' CS pseudoknot (DCS-PK) both play roles in viral replication. The cHP 
structure has been shown to be required for efficient viral RNA synthesis in both DENV and 
WNV in a sequence-independent fashion (Clyde et al, 2008). Furthermore, this element 
promotes selection of the poor context translation initiation codon in DENV2 in a manner 
related to the stability of the cHP stem (Clyde & Harris, 2006). The presence of a stable hairpin 
~14 nt downstream of a sub-optimal initiation codon is known to enhance recognition, 
potentially through slowing of the scanning ribosomal complex during translation initiation 
(Kozak, 1990). As the cHP stem is typically located 12-16 nt from the initiating AUG in most 
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MBFVs it likely acts as a conserved translation enhancer (Clyde & Harris, 2006). The dual role 
of this structure in both viral translation and replication hints at the interplay that occurs 
between these two processes during infection. Comparatively, the DCS-PK structure enhances 
viral replication, potentially through regulation of genome cyclisation (Liu et al, 2013; de Borba 
et al, 2015). 
 
1.6.2 Secondary structures within the 3' terminal region 
The flavivirus 3' UTR can be divided into three domains each containing autonomously folded 
regions (Figure 1.7). Domain I is the least conserved of the three and is notable for containing 
two stem-loop structures (SL-I and SL-II) that form pseudoknots (PK1 and PK2) (Kieft et al, 
2015), although in YFV there is only one (Wang et al, 1996). As these structures are capable 
of stalling the 5'-3' exonuclease XrnI, they have been termed exonuclease-resistant (xr)RNA1 
and xrRNA2. xrRNA structures from Murray Valley encephalitis virus and ZIKV have been 
solved by x-ray crystallography and exhibit complex three-way junction arrangements, 
providing a mechanistic basis for Xrn1 resistance (Chapman et al, 2014; Akiyama et al, 2016). 
These xrRNA structures are linked to the production of short subgenomic flavivirus RNAs 
(sfRNAs) during infection, which are identical in sequence to the 3' end of the flaviviral genome 
(Pijlman et al, 2008). A variety of functions have been attributed to sfRNAs including host 
adaptation (Filomatori et al, 2017; Villordo et al, 2015), innate immune avoidance (Schnettler 
et al, 2013; Schuessler et al, 2012; Bidet et al, 2014) and modulation of replication (Lin et al, 
2004).  
 
Figure 1.7 Structure of the 3′ terminal region of the flavivirus genome 
A schematic illustrating the structure of the 3′ terminal region of the flavivirus genome. DENV 
and JEV possess two DB structures (not shown here) whereas ZIKV and YFV instead possess 
a single DB and a pseudo-DB (ψ-DB). Pseudoknot interactions are illustrated with a dotted line. 




Domain II of the 3' UTR contains a conserved structural element known as a dumbbell (DB). 
Whereas ZIKV and YFV contain a single DB structure, DENV and JEV contain two through 
duplication (Fernández-Sanlés et al, 2017). These DB structures are predicted to form 
pseudoknots and have been shown by mutation to be important for viral translation and viral 
replication (Sztuba-Solinska et al, 2013; Manzano et al, 2011; Men et al, 1996; Lo et al, 2003; 
Alvarez et al, 2005a), likely through modulation of long-range RNA-RNA interactions (de 
Borba et al, 2015). Furthermore they act as xrRNA structures in certain flaviviral species 
(Filomatori et al, 2017; Kieft et al, 2015; Funk et al, 2010). A recent study suggests that in 
DENV these duplicated elements display functional diversification driven by different host-
specific requirements as adaptive mutations upon infection of mosquito cells were only 
observed within DB2 and not DB1 (de Borba et al, 2019).  A-rich regions around these DB 
structures in DENV have been shown to act as a binding site for PABP, possibly compensating 
for the lack of a poly(A) tail at the 3' terminus of the viral genome (Polacek et al, 2009b). 
 
Domain III is highly conserved among members of the Flavivirus genus and is mainly 
characterised by the presence of the large 3' stem-loop (3' SL) structure, flanked on the 5' side 
by a small hairpin (sHP) structure (Barrows et al, 2018). The structure of the sHP stem has been 
shown to be essential for DENV replication (Alvarez et al, 2008; Villordo et al, 2010), whereas 
the specific sequence within the loop of the sHP structure is only required for DENV replication 
in mosquito but not mammalian cells (Villordo & Gamarnik, 2013). The conserved penta-
nucleotide sequence at the top of the 3' SL and the stem-loop structure have been shown to be 
essential for viral replication by mutational analysis (Tilgner et al, 2005; Zeng et al, 1998; 
Bredenbeek et al, 2003). Comparatively, discrepancies exist regarding the role of the 3' SL in 
translation. An early study using chimeric CAT reporters containing only the 3' SL of WNV 
and not the rest of the 3' UTR suggested that the structure acted as a translation inhibitor 
independently of the 5' UTR in comparison to other viral 3' terminal sequences (Li & Brinton, 
2001). A later study using FLuc reporters flanked by the 5' and 3' UTRs of DENV illustrated 
that the viral 3' UTR could enhance translation largely through the 3' SL structure in a manner 
independent of the 5' cap and viral 5' UTR (Holden & Harris, 2004). However, a subsequent 
study using replication-competent DENV replicons has shown that deletion of the entire 3' UTR 
has little effect on initial viral translation following transfection into BHK or mosquito cells but 





1.6.3 Genome circularisation 
Hahn and colleagues initially observed that a conserved 8 nucleotide 5' cyclisation sequence 
(CS) element present within the N-terminal region of the C coding sequence was 
complimentary to a sequence at the 3' end of the flavivirus genome (Hahn et al, 1987). Further 
characterisation of this CS element extended the length to 11, 12 and 18 nucleotides for DENV, 
WNV and YFV, respectively (Alvarez et al, 2005b; Corver et al, 2003). Mutational studies 
using infectious clones and replicons has highlighted the requirement for these complementary 
sequences in viral replication, but not translation, during infection (Alvarez et al, 2005a; Lo et 
al, 2003; Khromykh et al, 2001a). These studies illustrated that mutations within the 5' or 3' CS 
element could be rescued by complimentary mutations in the corresponding site that restored 
base-pairing potential, thus suggesting that sequence complementarity rather than specific 
nucleotide sequence is important. Later work has illustrated that mismatches within the central 
portion of the CS site are more tolerated than mutations at the terminal ends, an important 
consideration when designing live attenuated vaccines through mutation of this element (Basu 
& Brinton, 2011; Suzuki et al, 2008).  
 
Additional regions of sequence complementarity were subsequently identified between the 5' 
and 3' termini of flaviviral genomes. Similar to the CS element, 5'-3' complementarity of the 
upstream of AUG region (UAR) sequence was shown to be essential for DENV and WNV 
replication (Alvarez et al, 2008; Zhang et al, 2008a). Spontaneous revertant mutations arise that 
restore sequence complementarity within the 5'-3' UAR elements when this complementarity 
is abolished by mutation in a DENV infectious clone, illustrating the importance of this 
interaction (Alvarez et al, 2008). Additionally, a similar replication requirement for 5'-3' 
complementarity exists within the short downstream of AUG region (DAR) (Friebe & Harris, 
2010; Friebe et al, 2011). These three key regions of long-range RNA-RNA sequence 
complementarity (CS, UAR and DAR) are thought to be responsible for genome circularisation, 
in which a “panhandle” structure is formed between the 5' and 3' ends of the flaviviral genome 
(Figure 1.8). The structure and sequence of the ZIKV genome terminal ends in the linear and 





Figure 1.8 Flavivirus genome circularisation is mediated by long-range RNA-RNA 
interactions 
Schematics illustrating A) the linear (top) and the circular (bottom) conformations of the 
flaviviral genome that occur during infection and B) the elements important for circularisation 
from DENV2 (GenBank accession number NC_001474), WNV (GenBank accession number 
MH170248.1) and ZIKV PE243 strain (Genbank accession number KX197192.1). Sequences 
corresponding to the UAR, DAR and CS are highlighted in green, blue and purple, respectively. 
Within the CS, the conserved core element is in white (Hahn et al, 1987). In WNV, two DAR 
motifs have been described (Fernández-Sanlés et al, 2017). The initiating AUG is highlighted 
in bold and the 5′ cap structure is represented as a circle. SLA, stem-loop A; SLB, stem-loop B 
cHP, C coding region hairpin; sHP, small hairpin; 3' SL, 3' stem-loop. 
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Direct interaction between isolated 5' and 3' flavivirus genome ends was first visualised 
by psoralen-UV crosslinking (You et al, 2001). A subsequent study utilised electrophoretic 
mobility shift assays (EMSAs) and showed that interaction between RNA probes corresponding 
to the 5' and 3' ends of DENV was dependent on sequence complementarity within both the CS 
and UAR elements (Alvarez et al, 2005b). The first evidence that these interactions were 
capable of circularising the full-length (~11 kb) DENV genome came from atomic force 
microscopy. In this study, an antisense oligonucleotide of 3.3 kb in length corresponding to the 
NS4B and NS5 coding region was hybridised to full-length DENV RNA in vitro in order to 
generate an elongated dsRNA segment that enabled interactions between the genomic ends to 
be readily visualised. Around 25 % of the molecules imaged were found to adopt a circularised 
conformation (Alvarez et al, 2005b). Recent studies have shown that these long-range RNA-
RNA interactions can be readily detected in cells during DENV or ZIKV infection by in cellulo 
RNA crosslinking approaches coupled with high-throughput sequencing (Ziv et al, 2018; Li et 
al, 2018; Huber et al, 2019). 
 
The interactions between a DENV 5' end RNA probe and several mutant 3' end RNA probes 
containing UAR or CS mutations were analysed in solution by chemical probing, demonstrating 
that while the 5'-3' CS interaction occurs independently of UAR hybridisation, the 5'-3' UAR 
interaction is entirely dependent upon CS hybridisation (Polacek et al, 2009a). As such, it has 
been proposed that the 5'-3' CS element first initiates genome circularisation, which is then 
extended by the formation of the 5'-3' DAR/UAR interactions resulting in the “opening” of the 
sHP and reorganisation of the 3' SL structure (Friebe & Harris, 2010; Friebe et al, 2011). As 
such, the UAR element has two proposed functions during infection. The first is that it brings 
the two genomic ends into close proximity. The second is that it mediates structural 
rearrangement of the 3' SL, thus releasing the very 3' end of the flaviviral genome from 
sequestration within secondary structure. This facilitates replication of the viral genome by the 
polymerase NS5, which while initially recruited to SLA at the 5' end of the genome translocates 
to the 3' end in order to start negative-strand RNA synthesis (Filomatori et al, 2006, 2011). This 
is likely aided by NS5 dimerisation (Klema et al, 2016) and interaction of NS5 with the 3′ SL 
(Hodge et al, 2016). 
 
1.6.4 The dynamic genome 
The circularisation elements of the flaviviral genome overlap with important local secondary 
structures found within the viral 5′ and 3′ terminal regions. For instance, the 5′ UAR element is 
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conformationally locked within SLB by the UFS in the linear form of the viral genome (Liu et 
al, 2016). Within the viral 3′ UTR, the 3′ UAR element locally adopts the sHP structure and the 
base of the 3′ SL (Villordo et al, 2010). Furthermore, the 3′ CS element of DENV is known to 
lie in a region that forms a pseudoknot with the DB2 structure (Manzano et al, 2011; Sztuba-
Solinska et al, 2013). As such, direct interplay between these competing local and long-range 
structures influences the degree to which genome circularisation can occur.  
 
Experiments using DENV have illustrated that the balance between the linear and the circular 
conformations of the viral genome is important during infection (Gebhard et al, 2011; Villordo 
et al, 2010). Mutations that stabilise or destabilise competing structures within the 3′ UTR thus 
favouring the linear or the circular conformation of the viral genome decrease viral replication. 
Furthermore, spontaneous mutations subsequently arise that restore the equilibrium between 
the two genomic conformations (Villordo et al, 2010). It is likely therefore that many of the 
mutations described previously within local structures of the 5′ and 3′ terminal regions that 
impact replication and/or translation alter the thermodynamic stability of local secondary 
structure, thus disrupting the transition from one genome conformation to another. 
 
Regulation of genome conformation likely occurs predominately through protein binding 
during the flavivirus lifecycle. Numerous cellular proteins have been identified as binding to 
the 3′ UTR of DENV including PABP (Polacek et al, 2009b), PTB (De Nova-Ocampo et al, 
2002), translation elongation factor 1α (De Nova-Ocampo et al, 2002), La (García-Montalvo et 
al, 2004) and the DEAD-box RNA helicase DDX6 (Ward et al, 2011), all of which have been 
implicated in translation and/or replication. The cellular AU-rich element RNA-binding protein 
1 (AUF1) p45 isoform, typically involved in mRNA stability and/or translation, has been shown 
to facilitate the interaction between 5′ and 3′ cyclisation elements of WNV, DENV and ZIKV 
through its RNA chaperone and annealing activities. Furthermore, siRNA-mediated 
knockdown of AUF1 p45 led to a decrease in viral titres during infection, thus illustrating its 
pro-viral role (Friedrich et al, 2014, 2018). Similarly, the host La protein can bind to both the 
5′ and 3′ UTRs of JEV and thus may promote genome circularisation (Vashist et al, 2011).  
 
Flaviviral proteins have also been implicated in the regulation of genome circularisation. The 
viral helicase NS3 possesses ATP-independent annealing activity and has been shown to 
enhance the interaction between isolated DENV 5′ and 3′ terminal region RNA probes (Gebhard 
et al, 2012). Furthermore, the viral polymerase NS5 has been shown to possess weak RNA 
chaperone activity (Pong et al, 2011), highlighting a possible role for the NS5-NS3 protein 
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complex in this process. Interestingly, the RNA chaperone activity of the WNV C protein has 
also been shown to facilitate these interactions in vitro (Ivanyi-Nagy & Darlix, 2012), 
potentially to compact the genome in preparation for RNA encapsidation into virions. 
Consistent with this, recent RNA structure mapping studies have suggested that DENV and 
ZIKV genomes adopt a circular conformation within the virion (Dethoff et al, 2018; Huber et 
al, 2019). 
 
Additional control may come from trans-interactions between different RNA species. For 
instance, the sfRNAs that accumulate during infection possess the 3′ circularisation elements. 
As a result, these RNAs have the propensity to interact with the 5′ elements of complete 
genomes thus competing with cis-interactions on the same molecule. Such interactions were 
hypothesised to contribute to the switch from positive-strand to negative-strand RNA synthesis 
(Lin et al, 2004), but experimental data is required to validate this hypothesis. It was recently 
reported that human miR-21 in complex with an Ago protein interacts with the 5′ CS element 
of ZIKV and as a result may disrupt circularisation. CRISPR-mediated deletion of MIR21 or 
antisense-mediated inhibition of miR-21 was found to reduce genome copies of a ZIKV 
replicon in human cells, suggesting that this interaction is pro-viral (Ziv et al, 2018).  
 
Studies using antisense peptide-conjugated phosphorodiamidate morpholino oligomers (P-
PMOs) complimentary to short regions within flavivirus genomes have illustrated that targeting 
circularisation elements represents a viable therapeutic strategy (Deas et al, 2005, 2007; Holden 
et al, 2006; Kinney et al, 2005). For example, a P-PMO targeted to the 3′ CS element of WNV 
was found to effectively reduce viral titre in cell culture by inhibiting replication (Deas et al, 
2005) and partially protects a mouse from WNV disease with minimal toxicity (Deas et al, 
2007). However, the therapeutic potential of this strategy is limited by the appearance of 
resistance mutations. Interestingly, resistance to a P-PMO targeting the 3′ UAR element in 
WNV can arise through a single mutation within the 3′ UAR, weakening the P-PMO 
interaction, with a corresponding mutation in the 5′ UAR sequence to maintain 5′-3′ UAR base-
pairing (Zhang et al, 2008b). Comparatively, a mutation that confers resistance to a P-PMO 
targeting the 3′ CS element was located outside of the targeted region within the 3′ SL structure 
(Deas et al, 2007). This further highlights the importance of the dynamic nature of flaviviral 
genomes during infection and the complex interplay that occurs between competing local and 
long-range structures. A P-PMO targeting the top of the 3′ SL in DENV was found to inhibit 
both translation and replication of a DENV replicon, indicating that conformational flexibility 
of the 3′ SL might be important in the regulation of both processes (Holden et al, 2006). 
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1.7 Translation-replication switch in positive-sense RNA viruses 
During infection, the genomes of flaviviruses and all positive-sense RNA viruses have three 
major functions. They have to act as templates for translation to produce the functional proteins 
required for productive infection. Additionally, these genomes have to act as templates for viral 
replication, in order to produce nascent genomes. Finally, these nascent genomes must be 
packaged into progeny virions in order to mediate additional rounds of infection. The balance 
between these three processes must be tightly regulated to allow efficient viral propagation. 
 
Translation and replication are considered to be antagonistic processes during infection, as each 
demands the viral genome template in opposite directions (Figure 1.9). The interplay between 
these two processes has been examined using PV whose translation is IRES-dependent 
(Pelletier & Sonenberg, 1988). When a luciferase-containing PV replicon is added to a 
translation-competent cell extract containing an excess of the PV polymerase 3Dpol, RNA 
synthesis, detected by incorporation of radiolabelled nucleotide into an acid-insoluble fraction, 
is only observed when ribosomes are first stalled by the drug cycloheximide (Gamarnik & 
Andino, 1998). Additionally, a series of experiments following synchronous replication of 
infectious PV RNA in HeLa cell extract has shown that synthesis of full-length negative-strand, 
but not positive-strand, is enhanced in the presence of puromycin (Barton et al, 1999). 
Puromycin is a polypeptide chain terminator and thus dissociates translating ribosomes from 
the RNA. Comparatively, drugs like cycloheximide and anisomycin that freeze ribosomes on 
the RNA were found to inhibit synthesis of full-length negative-strand (Barton et al, 1999). 
These experiments suggest that efficient viral replication only occurs when the genomic 
template is cleared of translating ribosomes, creating a requirement for a mechanism to prime 






Figure 1.9 Translation and replication both require the genome template of positive-
sense RNA viruses 
Translation of positive-sense RNA viruses occurs before replication. Ribosomes progress in the 
5′-3′ direction, whereas viral polymerases progress in the 3′-5′ direction. Experimental studies 
on PV have illustrated that viral polymerase is not capable of bypassing translating ribosomes 
(Gamarnik & Andino, 1998; Barton et al, 1999). As such, positive-sense RNA viruses must 
have a mechanism to regulate these two antagonistic processes. 
 
How and when then is template switching mediated in PV? While it is clear that early in 
infection, when relatively few genomes are present, the use of each genome template must 
switch from translation to replication, it was speculated that template usage might be defined 
late in infection simply by cell compartmentalisation (Caliguiri & Tamm, 1969; Bienz et al, 
1987; Irurzun et al, 1992). However, it has been demonstrated that PV genomes must first be 
translated to become a suitable template for replication, as mutant PVs containing nonsense 
mutations within the viral coding sequence could not be rescued in trans by co-transfection of 
a helper genome (Novak & Kirkegaard, 1994). This suggests that a mechanism for template 
switching is required throughout the viral lifecycle and so compartmentalisation of functionally 
specialised RNA pools is unlikely to occur. Subsequent studies have shown that template 
switching in PV is mediated by cleavage of the ITAFs PCBP2 and PTB by a virally encoded 
protease, thus shutting off translation at defined points in infection, effectively temporally 
separating translation and replication (Perera et al, 2007; Back et al, 2002; Chase et al, 2014). 
This acts to ensure that the virally-encoded proteins required for replication are expressed prior 
to translation inhibition, directly coupling the two processes.  
 
Other mechanisms to temporally separate translation and replication have been described for 
other positive-sense RNA viruses. For instance, RNA structure probing has shown that a long-
range RNA-RNA pseudoknot interaction within the genome of HCV when formed disrupts a 
stem-loop structure within the viral 3′ UTR implicated in viral replication (Tuplin et al, 2012). 
Furthermore, abrogation of this pseudoknot interaction through mutation of a single nucleotide 
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was found to reduce translation of HCV reporter RNAs, which could be rescued by introducing 
a complimentary mutation that restored this long distance interaction, thus suggesting that 
mutually exclusive RNA interactions could control template usage (Tuplin et al, 2015). 
Additionally, miR-122 has recently been reported to enhance HCV replication but only under 
conditions of active HCV translation, suggesting that miR-122 might regulate the balance 
between these two processes (Masaki et al, 2015). Using polysome profiling, it was shown that 
transfection of miR-122 into HCV-infected cells led to a reduction of HCV RNA associated 
with translating polysomes. Additional experiments illustrated that miR-122 inhibited binding 
of the ITAF PCBP2 to the HCV genome, thus potentially clearing the viral template of 
ribosomes for replication, providing a mechanistic basis for these observations (Masaki et al, 
2015).  
 
1.8 Project aims 
Despite the large amount of research that has been performed on flaviviruses, basic fundamental 
questions regarding their lifecycle still remain. The mechanism of translation initiation used by 
these viruses to express viral proteins is poorly defined and the eIF requirement is unknown. 
Furthermore, it is presently unclear how flaviviruses regulate the use of their genomes in the 
competing processes of translation and replication. Regulation is unlikely to occur simply 
through compartmentalisation, as throughout DENV infection positive and negative-strand 
RNA are localised to the ER (Reid et al, 2018). A possible mode of regulation could occur 
through binding of the viral polymerase NS5 to the cap-proximal stem-loop, which could 
disrupt 43S preinitiation complex loading at the 5′ end therefore clearing the genome of 
ribosomes prior to replication. Additionally, it has been speculated that transitions between 
linear and circular genome conformations might provide a mechanism to regulate template 
usage (Villordo et al, 2010), although experimental evidence supporting this hypothesis is 
lacking.  
 
Using ZIKV as a model flavivirus, the aims of this thesis are therefore: - 
• To identify the minimal eIF requirement for efficient 48S complex assembly in a 
reconstitution system for translation initiation and to investigate scanning of the 5′ 
UTR. 
• To investigate the impact of NS5 recruitment to the cap-proximal structure SLA upon 
translation initiation. 




The results of these studies will shed light on a poorly characterised but essential lifecycle 
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2 Materials and Methods 
2.1 Plasmids and molecular cloning techniques 
Recombinant human eIF expression plasmids have been described previously (Pestova et al, 
1998a, 1996a; Lomakin et al, 2000; Dhote et al, 2012; Lomakin et al, 2006). cDNA fragments 
containing the eIF1 and eIF1A coding regions were inserted into pQE31 (Quigen) and pET28 
(Novagen) between the BamHI and HindIII sites to yield pQE(His6-eIF1) and pET(His6-
eIF1A), respectively (Pestova et al, 1998a). pET(His6-eIF4A) and pET(His6-eIF4B) were 
constructed by cloning multiple cDNA fragments between the 5′ BamHI site and the 3′ NotI 
(eIF4A) or 3′ AvrII site (eIF4B) of modified pET15b (Novagen) (Pestova et al, 1996a). A 
cDNA fragment corresponding to the coding region of eIF4G736-1115 was generated by PCR and 
inserted between the BamHI and XhoI sites of pET28b (Novagen) to generate pET(His6- 
eIF4G736-1115) (Lomakin et al, 2000). The vector for expression of DHX29 containing an N-
terminal FLAG and a C-terminal His6-tag was generated by cloning a codon-optimised 
sequence into pET16b (Novagen) between NcoI and BamHI (Dhote et al, 2012). A plasmid 
encoding both the N-terminal and C-terminal coding regions of methionyl-tRNA synthetase 
was made by cloning PCR fragments amplified from Escherichia coli (E. coli) DH5α DNA 
between the NcoI and XhoI sites of pET28a (Novagen) (Lomakin et al, 2006).  
 
Transcription vectors for tRNAiMet (Pestova & Hellen, 2001), EMCV IRES (Evstafieva et al, 
1991) and ZIKVFluc (pUC57-ZIKV-Fluc; Chavali et al, 2017) have been described previously. 
The vector for tRNAiMet was generated by inserting four synthetic partially overlapping DNA 
oligomers between the HindIII and BamHI sites of pBR322, and contains the T7 promoter 
adjacent to the mammalian tRNAiMet gene with a 3′ BstNI site (Pestova & Hellen, 2001). A 
plasmid encoding EMCV nt 315 to 1155 downstream of a T7 promoter (pTE1) was generated 
by inserting a reverse transcribed DNA fragment into the AccI site of pTZ18R (Pharmacia) 
(Evstafieva et al, 1991). pUC57-ZIKV-Fluc was generated by overlap extension PCR of two 
synthesised cDNA fragments (Integrated DNA Technologies; IDT) corresponding to Fluc 
flanked by the 5′ and 3′ UTRs of ZIKV PE243 (KX197192.1) with an upstream T7 promoter 
between the XbaI and HindIII sites of pUC57 (GenScript) (Chavali et al, 2017). 
 
Gene fragments containing a 5′ T7 promoter with the first 359 nt of ZIKV PE243 (KX197192.1) 
with flanking XbaI/HindIII sites (ZIKV5′utr+) and the first 329 nt of SV 26S mRNA 
(MG679380.1) with flanking XhoI/EcoRI sites were synthesised by IDT and cloned into 
pUC57 (GenScript). SLA mutations in the context of ZIKV5′utr+ or ZIKVFluc were generated by 
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QuikChange site-directed mutagenesis. ZIKVmini was derived from pUC57-ZIKV-Fluc 
(Chavali et al, 2017) by site-directed mutagenesis, retaining 30 nt each from the 5′ and 3′ ends 
of the Fluc gene to generate a 60 nt linker between the ZIKV terminal regions. Mutations within 
the 5′ and 3′ UAR/CS elements in ZIKVmini were generated by site-directed mutagenesis. Gene 
fragments containing T7 promoter-driven ZIKVmini with mutations in upstream near-cognate 
codons with flanking XbaI and HindIII sites and wildtype/Δ3′ CS mutant DENV1 
(KC692517.1) or DENV4 (FJ196850.1) minigenomes with flanking XbaI and EcoRV sites 
were synthesised by IDT and cloned into pUC57 (GenScript).  
 
A CopyControl pCC1BAC vector (Epicentre) containing the complete open reading frame of 
the ZIKV BeH819015 isolate flanked by the 5′ and 3′ UTRs of ZIKV PE243 (KX197192.1; 
ZIKVfl) and a related plasmid containing an inline duplicate copy of the C protein fused to a 
nanoluciferase (Nluc) gene and 2A peptide sequence (ZIKVNluc) were kindly provided by 
Andres Merits (Mutso et al, 2017). The existing SP6 promotor within these ZIKV infectious 
cDNA (icDNA) plasmids was replaced with a T7 promotor by subcloning a synthetic gene 
fragment (IDT) between EcoRI and NheI sites. NS5 G664AA and Δ3′ CS mutations were 
generated by overlap extension PCR to produce a fragment that was inserted between BstBI 
and PmeI sites. The ZIKV NS5 coding region was subcloned into pET28b (Novagen) between 
NheI and HindIII sites to generate a bacterial expression construct for NS5ZIKV with an N-
terminal His6-tag.  
 
Restriction enzymes (New England Biolabs, NEB) were used following manufacturer’s 
instructions. Phenol chloroform extraction followed by ethanol precipitation was exclusively 
used to purify digested ZIKV icDNA plasmids, as these constructs did not bind effectively to 
spin columns. Ligations were performed using T4 DNA ligase (NEB) following manufacturer’s 
instructions, and in the case of cloning using the ZIKV icDNA plasmids ligations were always 
performed overnight at 16 °C. 
 
Plasmid stocks were propagated and cloned in either homemade DH5α competent E. coli or 
Turbo competent E. coli (high efficiency; NEB) in the case of the ZIKV icDNA plasmids. The 
Turbo competent E. coli lost competency quickly upon storage at -80 °C and when transformed 
with plasmids containing full-length ZIKV sequences typically produced only small colonies 
at 37 °C on agar plates containing 12.5 μg/ml chloramphenicol. To obtain plasmid preparations 
with sufficient yield, multiple colonies were picked and grown in 200 ml of 2xTY liquid media 
containing 12.5 μg/ml chloramphenicol at 37 °C overnight with shaking. DNA was isolated 
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using a PureYield plasmid midiprep system (Promega), including the optional endotoxin 
removal wash.  
 
2.2 In vitro transcription 
Plasmids were linearised with HindIII (ZIKV5′utr+, ZIKVFluc and ZIKVmini), EcoRI (SV 26S), 
EcoRV (DENV1/4mini and EMCV IRES), AgeI (ZIKVfl and ZIKVNluc) or BstNI (tRNAiMet). 
Unless otherwise indicated, RNAs were transcribed with recombinant T7 polymerase (50 
ng/μL) in buffer containing 40 mM HEPES pH 7.5, 32 mM MgOAc, 40 mM DTT, 2 mM 
spermidine, 10 mM each of ATP, GTP, CTP and UTP, 1.6 U/μL RNaseOUT (Invitrogen) and 
2.5 μg linearised transcription plasmid for 2 hrs at 37 °C. Scrambled and targeted antisense 
RNAs were similarly transcribed from T7 promoter-bearing reverse complement DNA oligos 
annealed to a T7 promoter-containing forward primer (1 μg of each). Sequences are shown in 
Table 2.1. DNaseI (40 U / Roche) and 1X incubation buffer were added directly into the 
transcription reaction with further incubation at 37 °C for 1 hr prior to extraction. 
 
Table 2.1 Antisense oligonucleotides 
DNA used as a template for transcription of RNA oligos. The T7 promoter is shown in bold. 
 
ZIKVfl and ZIKVNluc RNA was isolated by making the total reaction volume up to 300 μl with 
water before addition of 500 μl TRI reagent (Sigma) and 160 μl chloroform. Following 
centrifugation (13000 rpm, 10 min, room temperature), the upper aqueous phase (~500 μl) was 
ethanol precipitated in the presence of 20 ng/μl GlycoBlue (Invitrogen) at -20 °C overnight or 
-80 °C for 30 min. RNA from all other transcription reactions was extracted with acidic 
phenol/chloroform prior to ethanol precipitation. Residual nucleotides were removed by 
running RNA pellets resuspended in water once down an Illustra MicroSpin G-50 column (GE 
Healthcare). Capped (cap0) RNA was generated post-transcriptionally using the ScriptCap 
m7G capping system (CellScript) following manufacturer’s instructions with 20 U of capping 
ZIKV 












SCR  ATGGCAAACCCAGATTGCTATTCCAAACGTCTCTATAGTGAGTCGTATTA 
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enzyme at 37 °C for 2 hrs before extraction as described above in the presence of 20 ng/μl 
GlycoBlue (Invitrogen). RNA pellets resuspended in water were additionally passed down an 
Illustra MicroSpin G-50 column (GE Healthcare), and experiments involving comparisons 
between capped and uncapped RNA samples ensured that the RNA had been through an 
equivalent number of columns. RNA integrity was analysed by agarose gel electrophoresis 
(Meyers et al, 1976) and concentration was determined by measuring absorbance at 260 nm. 
 
The previously reported SP6-driven ZIKV infectious clone (Mutso et al, 2017) was transcribed 
using a SP6 RiboMAX large scale RNA production system (Promega) and subsequently 
extracted and capped as above. 
 
2.3 Purification of native factors and recombinant proteins  
Table 2.2 Composition of buffers used in the purification of native and recombinant 
proteins 
Buffer Composition 
A 20 mM Tris, pH 7.5, 2 mM dithiothreitol (DTT), 4 mM MgCl2, 50 mM KCl 
B 20 mM Tris pH 7.5, 2 mM DTT, 4 mM MgCl2, 0.5 M KCl 
C 20 mM Tris pH 7.5, 2 mM DTT, 2 mM MgCl2, 100 mM KCl, 0.25 M sucrose 
D 20 mM Tris pH 7.5, 2 mM DTT, 0.1 mM EDTA, 10 % glycerol 
Q 20 mM Tris, pH 7.5, 2 mM DTT, 0.1 mM EDTA, 5 % glycerol 
H 20 mM HEPES, pH 7.5, 2 mM DTT, 0.2 mM EDTA, 5 % glycerol 
 
Native eIF2, eIF3, eIF4F and the 40S ribosomal subunit were purified from rabbit reticulocyte 
lysate (RRL) (Green Hectares, Illinois) as previously described (Pisarev et al, 2007). Briefly, 
polysomes were precipitated by centrifugation in a Beckman Type 45 Ti rotor (45000 rpm, 7 
hrs, 4 °C) in the presence of 0.5 mg/ml Pefabloc (Roche) before resuspension at a final 
concentration of 150 A260U/ml in Buffer A. A high salt wash was performed by adding KCl (4 
M) drop-wise to a final concentration of 0.5 M to remove associated mRNA and proteins. The 
suspension was centrifuged in a Beckman Type 45 Ti rotor (34500 rpm, 12 hrs, 4 °C) to a yield 
a pellet from which ribosomal subunits were extracted and a ribosomal salt wash from which 
eIFs were purified.  
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The ribosomal pellet was resuspended in Buffer A to a final concentration of 150 A260U/ml. 
The suspension was incubated on ice for 10 min with 1 mM puromycin (Sigma-Aldrich) to 
release nascent peptides and then for a further 10 min at 37 °C. A high salt wash was performed 
by adding KCl (4 M) drop-wise to a final concentration of 0.5 M. 40S and 60S ribosomal 
subunits were isolated by loading resuspended ribosomal pellets onto a 10-30 % sucrose density 
gradient in Buffer B. Gradients were centrifuged in a Beckman SW32 Ti rotor (24500 rpm, 14 
hrs, 4 °C) and 1 ml fractions were collected. Fractions containing isolated 40S and 60S 
ribosomal subunits were identified by measuring absorbance at A260, pooled and concentrated 
in Buffer C before storage at -80 °C.  
 
The ribosomal salt wash was subjected to stepwise ammonium sulphate (AS) precipitation to 
yield 0-40 %, 40-50 % and 50-70 % AS fractions, sequentially separated by centrifugation in a 
Beckman JA-25.50 rotor (15000 rpm, 20 min, 4 °C). Pellets were subsequently resuspended in 
Buffer D + 100 mM KCl. eIF3 and eIF4F were derived from the 0-40 % AS fraction by affinity 
chromatography using diethylaminoethyl (DEAE) and phosphocellulose (P11) affinity 
chromatography (Sigma-Aldrich) with elution in Buffer D + 250 mM KCl and Buffer D + 400 
mM KCl, respectively. Separation was achieved on 10-30 % sucrose density gradients in Buffer 
D + 400 mM KCl using a Beckman SW40 Ti rotor (4000 rpm, 23 hrs, 4 °C). 400 μl fractions 
were collected and absorbance was measured at A280 to define fractions containing eIF3 or 
eIF4F. eIF4F was further purified by immobilized γ-aminophenyl-m7GTP-(C10-spacer)-
agarose (Jena Bioscience) following manufacturer’s instructions. eIF2 was derived 
predominately from the 40-50 % AS fraction (with a small amount from the 0-40 % fraction) 
by DEAE and P11 affinity chromatography (Sigma-Aldrich) with elution in Buffer D + 250 
mM KCl and Buffer D + 800 mM KCl, respectively. Purification of eIF3, eIF4F and eIF2 was 
completed by fast protein liquid chromatography (FPLC) on a MonoQ 5/50 GL anion exchange 
column (GE Healthcare) across a 100-500 mM KCl gradient in Buffer Q. eIF3 eluted at ~400 
mM KCl, eIF4F eluted at ~340 mM KCl and eIF2 eluted at ~290 mM KCl.  
 
Recombinant eIFs were expressed and purified as previously described (Pisarev et al, 2007b). 
Briefly, recombinant His-tagged eIF1, eIF1A, eIF4A, eIF4B, eIF4G736-1115 and methionyl-
tRNA synthetase were expressed in E. coli BL21 star (DE3) for 4 hrs at 37 °C following 
induction with 1 mM IPTG (Sigma-Aldrich). Cells pellets were re-suspended in buffer D + 300 
mM KCl with 0.5 mM PMSF (Sigma-Aldrich) and 1 mg/ml lysozyme (Sigma-Aldrich). In the 
case of eIF4B only, Pefabloc (Sigma-Aldrich) was added to a final concentration of 0.5 mg/ml. 
Cells were then sonicated (amplitude 10 microns) for 6 x 30 seconds and the lysate clarified 
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before affinity chromatography on Ni-NTA agarose (Qiagen) following manufacturer’s 
instructions. Purification was completed by FPLC on a MonoQ 5/50 GL anion exchange 
column (GE Healthcare) or MonoS 5/50 GL cation exchange column (eIF1 and eIF4G736-1115 
only) column (GE Healthcare) across a 100-500 mM KCl gradient in Buffer Q or Buffer S, 
respectively. eIF1 eluted at ~250 mM KCl, eIF1A eluted at ~290 mM KCl, eIF4A eluted at 
~270 mM KCl, eIF4B eluted at ~360 mM KCl, eIF4G736-1115 eluted at ~ 260 mM KCl and 
methionyl-tRNA synthetase eluted at ~170 mM KCl.  
 
FLAG- and His6-tagged DHX29 was similarly expressed and purified on Ni-NTA agarose 
(Qiagen) followed by anti-FLAG M2 affinity gel (Sigma-Aldrich) purification following 
manufacturer’s instructions. His-tagged NS5ZIKV was expressed in E. coli Rosetta 2 (DE3) for 
20 hrs at 16 °C following induction with 0.4 mM IPTG (Sigma-Aldrich). Purification was 
achieved on Ni-NTA agarose (Qiagen) as described above before FPLC down a HiLoad 16/600 
Superdex 200 pg size exclusion column (GE Healthcare) in Buffer Q + 350 mM KCl. Protein 
fractions were analysed by SDS-PAGE (Laemmli, 1970). All proteins were stored at -80 °C 
prior to use. 
 
Native calf liver tRNA (Promega) was purified by FPLC on a Superdex 75 10/300 GL size 
exclusion column by Dr Trevor Sweeney. 
 
2.4 Aminoacylation of tRNA 
In vitro transcribed and native initiator tRNA was charged in a 200 μl reaction containing 30 
μg of recombinant methionyl-tRNA synthetase, 40 mM Tris-HCl, pH 7.5, 15 mM MgCl2, 4 
mM ATP, 1 mM CTP, 2 μl [35S] methionine (1175 Ci/mmol; PerkinElmer), 75 μM unlabelled 
methionine, 0.4 U/μl RNAseOUT (Invitrogen) and 50 μg of initiator tRNA. The reaction was 
incubated at 37 °C for 90 min before the addition of an equal volume of acidic phenol-
chloroform. Following centrifugation (13000 rpm, 10 min, room temperature), the aqueous 
phase was split between four Illustra MicroSpin G-50 columns (GE Healthcare) prior to ethanol 
precipitation. The degree of methionine incorporation was measured using a Tri-Carb 2800TR 
liquid scintillation counter (Perkin Elmer). 
 
2.5  Western blotting 
Samples were resolved by SDS-PAGE (Laemmli, 1970), transferred to a 0.45 μm nitrocellulose 
membrane (GVS) using a Trans-Blot SD semi-dry blotter (Bio-Rad) and blocked with 5 % 
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bovine serum albumin in phosphate-buffered saline (PBS). eIF3d antibody (Proteintech; 
catalogue number 10219-1-AP) and Goat anti-rabbit IRDye 800CW antibody (Li-Cor) were 
used for detection using an Odyssey CLx Imaging System (Li-Cor). 
 
2.6 Assembly and analysis of ribosomal complexes 
Table 2.3 Primers used for primer extension inhibition assays 
All primers were ordered from Eurofins and re-suspended at 1 μg/μl in water. 
Target Sequence 
EMCV IRES TCAATAACTCCTCTGG 
ZIKV5′utr+/ZIKVfl/ZIKVNluc CTTGATTGCCGTGAATCTC 
SV 26S CAGTTGCTGGATTTGAGAAG 
ZIKV/DENV minigenomes CTTACACGGCGATCTTTC 
 
A primer complementary to a sequence ~100 nt downstream of the region of interest on the 
mRNA transcripts was radiolabelled at the 5′ end with 32P by incubating 0.3 μg of primer and 
1 μl [γ-32P] ATP (6000 Ci/mmol; PerkinElmer) with 10 U T4 polynucleotide kinase (3′ 
phosphatase minus; NEB) and 1X reaction buffer in a final reaction volume of 20 μl at 37 °C 
for 20 min. The labelled primer was heat inactivated at 75 °C for 5 min prior to use. 
 
48S complexes were assembled as previously described (Sweeney et al, 2014). 0.2 pmol RNA 
was incubated with the indicated eIFs (2 pmol 40S subunit, 4 pmol Met-tRNAiMet, 4 pmol eIF2, 
3 pmol eIF3, 10 pmol eIF4A, 5 pmol eIF4B, 2.5 pmol eIF4F, 10 pmol eIF1, 10 pmol eIF1A, 
0.4 pmol DHX29, 5 pmol eIF4G736-1115) at 37 °C for 10 min in a reaction volume of 20 μl 
containing Buffer R, which consists of 20 mM Tris, pH 7.5, X mM KCl (where X is the 
concentration required to make the final KCl concentration = 100 mM), 2.5 mM MgCl2, 2 mM 
DTT, 0.25 mM spermidine, 32 U RNaseOUT (Invitrogen), 0.4 mM GTP and 2 mM ATP. 
Hippuristanol in DMSO was kindly provided by Jerry Pelletier (McGill University, Canada) 
and used where indicated. 
 
Assembled complexes were analysed by primer extension inhibition by the addition of 2.5 U 
avian myeloblastosis virus RT (AMV-RT; Promega), 15 ng 32P-labelled primer, 8 mM MgCl2 
and 0.5 mM dNTPs at 37 °C for 45 min. Following addition of 100 μl of stop solution (12.5 
mM EDTA and 0.25 % SDS), cDNA products were phenol/chloroform extracted and ethanol 
precipitated in the presence of 20 ng/μl GlycoBlue (Invitrogen) before resuspension in 
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denaturing RNA loading dye (0.05 % bromophenol blue, 0.05 % xylene cyanol, 20 mM EDTA, 
pH 8.0 and 91 % formamide). Products were resolved on denaturing 7 M urea/6 % 
polyacrylamide sequencing gels and detected by autoradiography using an FLA 7000 Typhoon 
scanner (GE Healthcare).  
 
NS5ZIKV/RNA complexes (0.2 pmol RNA) or minigenome/small oligo complexes (0.2 pmol 
minigenome) were formed as described in the protein or RNA EMSA section below, 
respectively, prior to addition into the 48S assembly reaction unless described otherwise. In the 
case of 48S complex formation on total RNA from ZIKV-infected Vero cells, RNA from 
productively infected cells was extracted using TRI-reagent (Sigma-Aldrich) following 
manufacturer’s instructions and 600 ng total RNA at 80000 ZIKV genome copies/ng 
(quantified by qPCR) was added into the assembly reaction. 
 
2.7 Sequencing 
Primer (1 μg) and specific mRNA transcription vector (3 μg) were mixed in 20 μl of water and 
2 μl of 2M NaOH added. Following incubation at room temperature for 5 min, the primer-
plasmid mix was ethanol precipitated and re-suspended in 8 μl of water. Sequencing reactions 
were carried out by dideoxy chain termination using a Sequenase version 2.0 DNA sequencing 
kit (USB) following manufacturer’s instructions with 1 μl [α-35S] ATP (1250 Ci/mmol; 
PerkinElmer). Denaturing RNA loading dye was then added directly to stop the reaction and 
the sequencing was run alongside the cDNA products from primer extension inhibition on 
denaturing 7 M urea/6 % polyacrylamide sequencing gels. 
 
2.8 Protein EMSA 
In vitro transcribed capped ZIKV5′utr+ or ZIKVmini RNA (8.6 pmol) was heated at 75 °C and 
subsequently snap cooled on ice in the presence of RNA refolding buffer (50 mM Tris, pH 7.5, 
100 mM KCl and 5 mM MgCl2). RNA (860 fmol) was subsequently incubated with NS5ZIKV 
(at a final concentration range of 0 nM to 512 nM) at 30 °C for 15 min in a reaction volume of 
10 μl containing Buffer R, 5 μg BSA (Sigma) and 2 μg yeast tRNA (Ambion), unless stated 
otherwise (the reaction mixtures were preincubated at 30 °C for 5 min prior to RNA inclusion). 
Following addition of 10x native RNA loading dye (0.05 % bromophenol blue, 0.05 % xylene 
cyanol FF, 50 % glycerol), reactions were analysed by native PAGE on 5 % polyacrylamide 
gels containing 5 % glycerol on ice at 4 °C. Gels were run at 100V for 2 hrs (ZIKV5′utr+) or 3 
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hrs (ZIKVmini) in 0.5x Tris-Borate-EDTA (TBE) and stained with 1 μg/mL ethidium bromide 
in 0.5x TBE for 30 min prior to visualisation using a UV transilluminator.  
 
2.9 In vitro translations 
Translation-competent Vero cell lysate was prepared as previously described (Rakotondrafara 
& Hentze, 2011) by Dr Ted Fajardo. 12.5 μl translation reactions contained Vero cell lysate (40 
%, v/v), 1.6 mM HEPES, pH 7.5, 2 mM creatine phosphate, 0.01 μg/μl creatine kinase, 0.01 
mM spermidine, 40 μM amino acids, 2.5 mM ATP, 1 mM GTP, 120 mM KOAc, 2 mM 
MgOAc, 2 mM DTT and 0.8 U RNaseOUT. ZIKVFluc RNA (0.2 pmol) or NS5ZIKV/ZIKVFluc 
RNA complexes, prepared as described in the protein EMSA section with the highest 
concentration of NS5ZIKV used, were added to the translation reaction and incubated at 30 °C 
for 90 min. Reactions were terminated by addition of 50 μl 1x passive lysis buffer (Promega). 
Fluc activity was measured by GloMax (Promega). 
 
2.10 RNA transfection 
Vero cells were cultured in maintenance media consisting of Dulbecco’s modified Eagles 
Medium (DMEM; Sigma) supplemented with 10 % fetal calf serum, 2 mM L-glutamine, 
penicillin (100 SI units/ml) and streptomycin (100 μg/ml) at 37 °C with 5 % CO2. Capped, in 
vitro transcribed ZIKVfl or ZIKVNluc RNA (5 μg) was electroporated into 3 x 106 Vero cells 
suspended in 100 μl of OptiMEM I reduced-serum medium (Life Technologies) using a 
NEPA21 electroporator (Nepagene) using conditions recommended by the manufacturer (Table 
2.4). Cells were recovered in maintenance media at 37 °C for 5 min before being seeded sub-
confluently in 24 well plates (for the precise number of cells seeded see the relevant figure 
legend). Maintenance media was replaced 6 hrs post-electroporation and subsequently every 48 
hrs. Samples were harvested for luciferase assays and qPCR analysis at the indicated time points 
by washing cells 3 times with PBS before addition of 250 μl 1x passive lysis buffer (Promega) 
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Table 2.4 The NEPA21 electroporator settings used to electroporate ZIKVfl and ZIKVNluc 
into Vero cells 
















125 5 50 2 10 + 20 50 50 5 40 +/- 
 
Samples post-lysis were split in half to measure Nluc activity and ZIKV genome copy number 
separately. Nluc was measured using the Nano-Glo luciferase assay system (Promega) and 
normalised to protein concentration, determined by BCA assay (Pierce). Total RNA was 
extracted by adding 250 μl TRI Reagent (Sigma) and 75 μl choroform to 115 μl lysed sample. 
Following centrifugation (12000 xg, 15 min, 4 °C), the upper layer aqueous layer (~175 μl) was 
precipitated with an equal volume of isopropanol in the presence of 25 ng/μl GlycoBlue 
(Invitrogen) at room temperature for 5 min. Following centrifugation (12000 xg, 10 min, 4 °C), 
the pellet was washed twice with 75 % ice cold ethanol to remove contaminating phenol and 
salts. Pellets were resuspended in water and RNA was quantified by measuring absorbance at 
260 nm. qPCR analysis was performed using a Genesig Standard Zika virus quantification kit 
and PrecisionPlus One-Step 2x RT-qPCR reagent (Primer Design) on a StepOnePlus real-time 
PCR system (Applied Biosystems). Per reaction, 0.3 μl primer/probe mix, 5 μl of 2x RT-qPCR 
reagent and 4.7 μl sample were used ensuring that the total amount of RNA in each reaction 
was less than 500 ng. Cycling parameters consisted of an RT step (50 °C, 30 min), an initial 
denaturation step (95 °C, 5 min) and then 45 cycles of amplification (95 °C, 15 sec; 60 °C 
extension, 1 min) without ROX normalisation.    
 
2.11 SHAPE analysis 
RNA (50 nM) was incubated in the presence or absence of 10 mM NMIA (ThermoFisher) in 
10 μl of buffer containing 30 mM Tris pH 7.5, 100 mM KCl and 2.5 mM MgCl2 for 45 min at 
37 °C. RNA was phenol/chloroform extracted and ethanol precipitated. Modified bases were 
detected by inhibition of primer extension using 2.5 U AMV-RT in the presence of 32P-labelled 
primer and 0.5 mM dNTPs. Primers were the same ones used for analysis of assembled 
ribosomal complexes (Table 2.3). cDNA products were phenol/chloroform extracted and 
ethanol precipitated in the presence of 20 ng/μl GlycoBlue (Invitrogen) prior to resuspension 
in denaturing RNA loading dye and subsequent resolution on denaturing 7 M urea/6 % 
polyacrylamide sequencing gels. Products were detected by autoradiography using an FLA 
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7000 Typhoon scanner (GE Healthcare) and quantified using ImageQuant TL software (GE 
Healthcare). Band intensities from sample lanes not treated with NMIA were subtracted from 
those treated with NMIA to obtain relative SHAPE changes. Data from three experiments was 
combined, analysed and standard deviations were calculated in GraphPad Prism (Wilkinson et 
al, 2006).  
 
2.12 RNA EMSA 
In vitro transcribed wildtype and mutant minigenome RNAs (0.5 pmol) were analysed on a 
native 4.5 % polyacrylamide gel on ice at 4 °C without prior refolding. Antisense or scrambled 
RNA oligos (2.4 pmol) were annealed to minigenome RNAs (1.2 pmol) by heating to 75 °C in 
the presence of RNA refolding buffer, then snap cooling on ice before addition of 10x native 
RNA loading dye. Gels were run at 100V for 3 hrs in 0.5x TBE and stained with 1 μg/mL 
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3 In vitro reconstitution of Zika virus translation initiation 
3.1 Introduction 
Canonical cap-dependent translation initiation relies on the recruitment of a 43S preinitiation 
complex comprised of eIF1, eIF1A, eIF3, the ternary complex (eIF2/GTP/Met-tRNAiMet) and 
the 40S ribosomal subunit onto the mRNA (Jackson et al, 2010). This process is facilitated by 
the cap-binding complex eIF4F, consisting of the cap-binding protein eIF4E, the scaffold 
protein eIF4G and the helicase protein eIF4A, whose activity is additionally stimulated by 
eIF4B (Pestova & Kolupaeva, 2002). The 43S preinitiation complex then scans down the 
mRNA until it reaches the initiation codon to establish correct codon-anticodon base-pairing, 
the fidelity of which is controlled by eIF1 and eIF1A (Pestova & Kolupaeva, 2002; Pestova et 
al, 1998a). This process is sensitive to RNA secondary structure, which if sufficiently stable 
can act as a barrier to efficient scanning (Kozak, 1991; Pestova & Kolupaeva, 2002). Indeed, 
mRNAs possessing highly structured 5′ UTRs additionally require the DeXH-box helicase 
DHX29 for efficient initiation (Pisareva et al, 2008). Following correct start site identification 
and eIF5-mediated eIF2-GTP hydrolysis, a stable 48S complex is formed. Subsequent 60S 
subunit joining and initiation factor departure are facilitated by eIF5B, allowing translation to 
begin in earnest (Pestova et al, 2000).   
 
A great deal of the information that is known regarding the contribution of individual eIFs in 
ribosome scanning and initiation codon selection has come from in vitro reconstitution assayed 
by toeprinting (Pestova & Kolupaeva, 2002; Pestova et al, 1998a). In this approach, ribosomal 
complexes are assembled onto mRNAs using purified translation components; namely, the 40S 
small ribosomal subunit, initiator Met-tRNAiMet and eIFs. 48S complex assembly is 
subsequently analysed by toeprinting, in which extension from a labelled primer by reverse 
transcriptase (RT) yields truncated cDNA products in the presence of protein complexes stably 
bound to the RNA. The position of ribosomal complexes on the RNA can be determined by gel 
electrophoresis using an appropriate sequencing ladder, as 48S complexes yield a toeprint 15-
17 nt downstream of the initiation codon upon which they have assembled (Figure 3.1A) 
(Pisarev et al, 2007b). An illustrative example of 48S assembly on an unstructured mRNA is 
shown in Figure 3.1B, in which a truncated cDNA product corresponding to 48S complex 
formation at the initiating AUG is only seen upon addition of the translation machinery 
(compare lanes 1 and 2). 
 




Figure 3.1 The toeprinting approach used to analyse assembled 48S complexes 
A) Following 48S complex assembly, a labelled primer is annealed downstream of the region 
of interest and a reverse transcriptase (RT) reaction is carried out. A ribosomal complex bound 
to the RNA results in RT arrest 15-17 nt downstream of the ribosomal P site, producing a 
truncated cDNA product. cDNA products are analysed by denaturing gel electrophoresis and 
ribosomal complexes are localised using an appropriate sequencing ladder. 
B) Toeprinting analysis of 48S assembly on an uncapped model RNA with an unstructured 5′ 
UTR (G-(CAA)23-CACA-AUG). The AUG codon is labelled on the left and the 48S toeprint is 
marked with an arrowhead on the right. FL, full-length. 
 
The major advantage of this method compared to other more commonly used approaches to 
study translation is that the minimal set of eIFs required for efficient 48S complex assembly on 
a given mRNA sequence can be quickly identified. During infection, many viruses bypass the 
need for the canonical set of eIFs altogether by relying on IRES-mediated translation initiation, 
in which ribosomes are recruited internally in an end-independent fashion (Jackson et al, 2010). 
In vitro reconstitution of translation initiation has been used to study the factor requirement for 
these noncanonical mechanisms of translation initiation used by different viruses including 
picornaviruses (Yu et al, 2011; Sweeney et al, 2014; Pestova et al, 1996a) and dicistroviruses 
(Abaeva et al, 2016; Pestova & Hellen, 2003). For example, this approach was used to elucidate 
the absolute requirement of the EMCV IRES for the central third of eIF4G (eIF4G736-1115), 
containing the eIF3-binding site, and eIF4A (Pestova et al, 1996b, 1996a).  
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Furthermore, this approach allows rapid analysis of the fidelity of initiation codon selection and 
how this process is influenced by the presence or absence of certain factors (Pestova et al, 
1998a; Pisareva & Pisarev, 2016b). For instance, the EMCV IRES possesses two AUG codons 
in close proximity, selection of which is influenced by eIF1 and eIF1A (Pestova et al, 1998a). 
Additionally, the helicase DHX29 has been shown to promote linear scanning and influence 
codon selection by the scanning 43S preinitiation complex during cap-dependent translation 
initiation (Abaeva et al, 2011; Pisareva & Pisarev, 2016b). 
 
However, this reconstitution approach to study translation initiation does possess several 
notable drawbacks. As the system is based upon purification of known eIFs, additional 
regulatory factors within cells that can positively or negatively regulate translation, either 
through functionally replacing eIFs or modulating their activity, are not present. Furthermore, 
in the cell the effective concentration of eIFs and other regulatory factors is likely higher than 
typically used in vitro through macromolecular crowding and mechanisms that regulate protein 
and RNA localisation, which could impact upon translational efficiency. Molecular crowding 
effects have been shown to enhance the activity of eIF4A by directing the conformational 
equilibrium towards a closed active conformation, suggesting that eIF4A in vivo may be more 
active than eIF4A in vitro (Akabayov et al, 2013). Comparatively in E. coli, it has been 
suggested that an increase in molecular crowding within cells induced by osmotic stress limits 
the diffusion of protein complexes important for translation initiation and thus acts to inhibit 
translation (Zhang et al, 2010; Klumpp et al, 2013). These effects provide an additional level 
of complexity that cannot easily be recapitulated in vitro. 
 
ZIKV and other flaviviruses are thought to translate in a cap-dependent manner because of the 
presence of a virally-encoded cap structure at the 5′ end of the genome (Ray et al, 2006; Egloff 
et al, 2002; Issur et al, 2009; Bartelma & Padmanabhan, 2002; Wengler & Wengler, 1993). 
However, it has been shown that DENV and ZIKV induce cap-dependent host cell translational 
shutoff during infection (Roth et al, 2017) and it is presently unclear how viral genomes are 
translated under these conditions. Furthermore, a recent publication has suggested that the 5′ 
UTR of both ZIKV and DENV possesses IRES activity (Song et al, 2019). Elucidation of eIF 
requirement during viral infection remains challenging, as siRNA knockdown or 
pharmacological inhibition of key eIFs is likely to trigger a multitude of cellular responses that 
could obscure the specific effect on viral translation.  
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The aim of the work presented in this chapter was to determine in vitro the minimal eIF 
requirement for efficient 48S complex formation on ZIKV RNA to shed light on the mechanism 
of translation used within a minimalistic system. This required the establishment of a working 
reconstitution system by purifying and subsequently testing the eIFs required for eukaryotic 
translation initiation. In addition, the mechanism of scanning performed by the 43S preinitiation 
complex through the cap-proximal stem-loop within the viral 5′ UTR was investigated by 
mutation.    
 
3.2 Results 
3.2.1 Purification of factors required to reconstitute translation initiation  
Cap-dependent translation initiation relies upon the activity and coordination of at least nine 
eIFs (Jackson et al, 2010). The single subunit eIFs that are required for 48S complex assembly 
can be expressed recombinantly in bacteria (such as eIF1, eIF1A, eIF4A and eIF4B) (Pisarev 
et al, 2007b) and are just as functional as factors natively purified from rabbit reticulocyte lysate 
(RRL), a rich source of eIFs (Pestova et al, 1996a, 1998a). Furthermore, in vitro transcribed 
and aminoacylated Met-tRNAiMet has been shown to be just as active in translation initiation 
assays as natively purified Met-tRNAiMet in scanning-dependent initiation (Pestova & Hellen, 
2001). However, multi-subunit eIFs including eIF2, eIF3, eIF4F and the 40S ribosomal subunit 
must be purified natively from RRL for activity (Pisarev et al, 2007b), although a lower yield 
can also be obtained from HeLa cell lysates (T. Sweeney, personal communication). An 
overview schematic of this process is shown in Figure 3.2 and the purification of eIF3 will be 
described in more detail below. 
 




Figure 3.2 Purification of native eIFs from RRL 
A schematic illustrating the purification strategy for native eIF2, eIF3 and eIF4F as well as 40S 
and 60S ribosomal subunits (Pisarev et al, 2007b). Briefly, pelleted polysomes are washed with 
0.5 M KCl to release eIFs. Following subsequent centrifugation, eIFs are purified from the 
ribosomal salt wash (RSW) by ammonium sulphate (AS) precipitation and ion-exchange 
chromatography. The major eIF2 fraction is purified from the 40-50 % AS fraction. In the case 
of eIF3 and eIF4F, separation is achieved through 10-30 % sucrose density gradients in high 
salt before eIF4F is further purified by affinity chromatography using GTP-sepharose. 
Comparatively, small 40S ribosomal subunits are purified from pelleted ribosomes following 
incubation with puromycin to release nascent peptides and separated from large 60S ribosomal 
subunits by sucrose density gradient centrifugation.                                                           
 
Following polysome isolation from the RRL and initiation factor release, eIFs of interest were 
precipitated from the ribosomal salt wash (RSW) through addition of ammonium sulphate (AS). 
As illustrated by western blot using an eIF3d antibody, eIF3 precipitated in the 0-40 % AS 
fraction (Figure 3.3A). eIF3 was subsequently purified by ion-exchange chromatography using 
DEAE and phosphocellulose (P11) resin (Figure 3.3B). As eIF3 co-purifies with eIF4F, the two 
were separated in high salt using 10-30 % sucrose density gradients and fractions were analysed 
by SDS-polyacrylamide gel electrophoresis (SDS-PAGE; Figure 3.3C). eIF3 possesses a larger 
molecular mass than eIF4F therefore penetrated further into the sucrose gradient. eIF3 
purification was completed by anion-exchange chromatography on a fast protein liquid 
chromatography (FPLC) system (Figure 3.3D). eIF3 purified in this way lacks both eIF3j and 
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eIF3a, the former of which is only loosely associated during the sucrose density gradient and 
the latter of which is typically degraded in RRL (Pisarev et al, 2007b). The loss of either does 
not influence the activity of eIF3 in 48S initiation complex assembly (Kolupaeva et al, 2005; 
Unbehaun et al, 2004a).  
 
To investigate the activity and purity of the eIF3 preparation, 48S complex assembly and 
toeprinting was performed on the EMCV IRES, assembly on which absolutely requires eIF3 as 
well as the central portion of eIF4G (eIF4G736-1115, hence referred to as eIF4Gm), a component 
of eIF4F (Pestova et al, 1996a, 1996b). Assembly was performed in the absence of eIF1 to 
ensure strong complex could be seen at both AUG826 and AUG834 (Pestova et al, 1998a). In the 
absence of added eIF4F, no complex formation was seen at either initiating AUG in the 
presence of the newly purified eIF3, illustrating that the eIF3 preparation was not contaminated 
with eIF4F (Figure 3.4B, lane 2). Addition of recombinantly expressed eIF4Gm led to 48S 
complex formation, confirming that the purified eIF3 is active (Figure 3.4B, lane 3) (Pestova 
et al, 1996b). As expected, inclusion of a mixture of eIF3/4F promoted 48S complex assembly 










In vitro reconstitution of Zika virus translation initiation 
 56 
 
Figure 3.3 Purification of native eIF3 from RRL 
A, B) Western blot of fractions following A) ammonium sulphate (AS) precipitation and B) 
diethylaminoethyl (DEAE) and phosphocellulose (P11) ion-exchange chromatography using 
an eIF3d antibody. eIF3d is indicated with an arrow.  
C) eIF3 and eIF4F were separated by sucrose density centrifugation at high salt (400 mM KCl). 
Fractions were collected following separation and absorbance at 280 nm measured. Fractions 
were analysed by Coomassie-stained SDS-PAGE (right). The fraction numbers are labelled 
below the gel and the protein identities are shown above the gel. Protein components of eIF4F 
are labelled on the right of the gel. The lane entitled Pre contains a sample of eIF3/eIF4F before 
the sucrose density gradient separation.                                                                                                              
D) eIF3-containing fractions were pooled following the sucrose density gradient separation and 
applied to a MonoQ column and eluted with a 100 to 500 mM KCl gradient (Buffer B contains 
500 mM KCl). eIF3 eluted at 415 mM KCl. Fractions were analysed by Coomassie-stained 
SDS-PAGE (right). eIF3 subunits are labelled on the right of the gel. The lane entitled Pre 
contains a sample of eIF3 prior to MonoQ purification. FT, flow through.  
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Figure 3.4 48S complex assembly on the EMCV IRES 
A) Schematic of the EMCV IRES. Structural domains important for IRES activity (H, I, J, K 
and L) are indicated (Kolupaeva et al, 2003). AUGs at nt 826 and 834 are shown. 
B) Toeprinting analysis of 48S assembly on the EMCV IRES (nt 315-1155) in order to test eIF3 
purity. The factors used are indicated. eIF4Gm refers to eIF4G736-1115. The AUG codons are 
labelled on the left and 48S toeprints are marked with an arrowhead on the right. Met-tRNAiMet 
natively purified from RRL was used as synthetic Met-tRNAiMet forms weaker 48S complexes 
on the IRES (T Sweeney, personal communication). FL, full-length. 
 
The components of the canonical cap-dependent translation initiation machinery purified for 
this study are shown in Figure 3.5.  
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Figure 3.5 The canonical cap-dependent translation initiation machinery purified for 
this study 
A) Canonical translation components purified for the reconstitution of translation initiation in 
vitro were analysed by SDS-PAGE and detected by Coomassie. eIF2 co-purifies from the 40-
50 % AS fraction with ABC50 (Tyzack et al, 2000). eIF2 subunits are labelled to the right of 
the gel. 4Gm refers to the eIF4G736-1115, consisting of the central portion of eIF4G. * indicates 
full-length eIF4B; lower bands represent degradation products.                                                                                                                
B), C) Lanes containing purified (B) eIF3 and (C) eIF4F are taken from Figure 3.3D (lane 9) 
and Figure 3.3C (lane 11) respectively, with protein components labelled to the right of each 
lane.  
 
3.2.2 Translation initiation on ZIKV occurs in a cap-dependent fashion in the 
reconstitution system 
Following successful establishment of a reconstitution system for translation initiation, the 
system was then applied to the study of ZIKV translation. A model ZIKV RNA was designed 
consisting of the first 359 nt of the ZIKV genome including the 5′ UTR and the first 252 nt of 
the C coding sequence (hence referred to as ZIKV5′utr+, the 5′ end of which is shown 
schematically in Figure 3.6A). This construct contains the 5′ cyclisation elements as well as the 
cHP stem, previously identified as promoting initiation codon selection in DENV2 by stalling 
the scanning ribosomal complex (Clyde & Harris, 2006). In addition, full-length ZIKV RNA 
derived from a reverse genetic system was used (hence referred to as ZIKVfl; described in 
Chapter 5) (Mutso et al, 2017). RNA was transcribed by T7 polymerase and capped in vitro. 
 
As ZIKV and other flaviviruses have been previously reported to undergo cap-dependent 
translation initiation (e.g. Chiu et al, 2005; Edgil et al, 2006), the effect of the cap structure was 
examined in the presence of the full complement of canonical eIFs. In the absence of a cap 
structure, only weak 48S complex formation was detected on ZIKV5′utr+ RNA (Figure 3.6B; 
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lane 2). However, the addition of a 5′ cap greatly enhanced 48S complex assembly at the 
initiation codon AUG108 (Figure 3.6B; compare lanes 4 and 2). Weak 48S complex assembly 
was observed on the upstream near-cognate codons UUG41 and UUG86 (highlighted on Figure 
3.6A). Similarly, the presence of a cap structure greatly enhanced 48S complex formation at 
AUG108 on ZIKVfl RNA with contains both the viral 5′ and 3′ UTRs (Figure 3.6B; compare 
lanes 8 and 6). To maintain equal concentrations of ZIKV5′utr+ and ZIKVfl RNA in the assembly 
reaction, a greater mass of ZIKVfl RNA was included. This could explain the weaker 48S 
assembly seen on ZIKVfl RNA, as some eIFs including eIF3 and eIF4A interact directly with 
RNA and could be sequestered from active 48S complex formation. 
 
In order to confirm that the in vitro transcribed RNA behaved similarly to ZIKV RNA taken 
directly from infection, toeprinting analysis was performed upon total RNA extracted from 
ZIKV-infected Vero cells using a ZIKV-specific primer. In an analogous fashion to the 
ZIKV5′utr+ and ZIKVfl RNA, the canonical set of translation factors triggered efficient 48S 
assembly at AUG108 (Figure 3.6B; compare lanes 10, 8 and 4). In DENV2, the AUG present 
within the 5′ CS element has been shown to be important for viral replication independently of 
genome circularisation, potentially through production of a truncated C protein (Clyde & 
Harris, 2006). No efficient complex formation was observed at the equivalent downstream 
AUG158 within the CS element on any ZIKV RNA tested. 
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Figure 3.6 Ribosome assembly on ZIKV RNA is enhanced by a 5′ cap structure 
A) Schematic of the ZIKV 5′ end from nt 1-160. Near-cognate codons upstream of the initiating 
AUG at nt position 108 discussed are indicated. Sequences corresponding to the 5′ UAR, DAR 
and CS sequences involved in genome 5′-3′ hybridisation are highlighted in green, blue and 
purple, respectively. The 5′ cap structure is represented as a circle. SLA, stem-loop A; SLB, 
stem-loop B; cHP, C coding region hairpin.  
B) Toeprinting analysis of 48S assembly on the RNAs indicated in the presence or absence of 
a 5′ cap structure (a representative experiment is shown from three independent experiments). 
Selected codons are labelled on the left and 48S toeprints are marked with an arrowhead on the 
right. The black line indicates altered contrast to enhance visibility of complex assembly on 
ZIKV RNA from infected Vero cells (ZIKVinfection). FL, full-length. 
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Next, a factor omission experiment was performed on the ZIKV5′utr+ RNA to determine which 
of the canonical set of eIFs were sufficient for ZIKV translation initiation. In place of the 
omitted factor, the factor storage buffer was added to ensure that salt concentrations were 
identical across the different conditions tested. Omission of eIF2 and eIF3 completely abrogated 
48S complex assembly at AUG108, whereas omission of eIF4F greatly reduced complex 
assembly (Figure 3.7 lanes 7, 8 and 9). This concurs with the requirement for a 5′ cap structure 
for efficient translation initiation in this system (shown in Figure 3.6B). An eIF4F-dependent 
toeprint at nt 132 was frequently observed (labelled on Figure 3.7). 
 
In comparison to eIF1 whose omission abrogated 48S assembly (Figure 3.7 lane 4), addition of 
eIF1A was mostly dispensable for ribosome loading onto the ZIKV5′utr+ RNA, but omission led 
to an increase in 48S complex at the upstream near-cognate codon UUG41 (Figure 3.7 lane 5). 
This is consistent with its described role in initiation site selection (Pestova et al, 1998a; Pestova 
& Kolupaeva, 2002).  
 
 
Figure 3.7 Factor omission shows that ZIKV translation requires the canonical set of eIFs 
Toeprinting analysis of 48S assembly on capped ZIKV5′utr+ as in Figure 3.6 with the omitted 
factor indicated (a representative experiment is shown from three independent experiments). 
Selected codons are labelled on the left and 48S toeprints are marked with an arrowhead on the 
right. The eIF4F-dependent toeprint is additionally labelled on the right. The black line 
indicates altered contrast to balance the exposure of the sequencing relative to the cDNA. FL, 
full-length 
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As flavivirus genomes are highly structured (Gebhard et al, 2011; Göertz et al, 2018), it was 
expected that efficient ribosome recruitment will depend on helicases such as eIF4A and 
DHX29, a DExH-box helicase previously shown to be required for translation initiation on 
highly structured RNAs (Pisareva et al, 2008). Omission of recombinant eIF4A (beyond that 
present in eIF4F) or its cofactor eIF4B, recently shown to bind flaviviral genomes during 
infection (Phillips et al, 2016), greatly reduced 48S assembly on ZIKV5utr+ RNA (Figure 3.7, 
lanes 10 and 11). Furthermore, the eIF4A inhibitor hippuristanol (Bordeleau et al, 2006) 
inhibited 48S complex assembly in a dose-dependent manner (Figure 3.8; compare lanes 2, 3, 
4 and 5). Consistent with this requirement for eIF4A, it has recently been reported that the 
eIF4A inhibitor silvestrol inhibits ZIKV replication in A549 cells and primary human 
hepatocytes (Elgner et al, 2018). These results were confirmed using the eIF4A inhibitor 
rocaglamide which inhibited translation of a ZIKV infectious clone containing a nanoluciferase 
(Nluc) insertion (Mutso et al, 2017) following electroporation into Vero cells (Appendix B). 
 
 
Figure 3.8 The eIF4A inhibitor hippuristanol inhibits 48S complex assembly on ZIKV 
RNA 
Toeprinting analysis of 48S complex formation upon capped ZIKV5′utr+ at the indicated 
concentrations of hippuristanol. Selected codons are labelled on the left and toeprints caused 
by 48S complex assembly are marked with a closed arrowhead on the right. Lanes with 5 % 
DMSO are indicated. FL, full-length. 
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However, 48S complex formation on ZIKV5′utr+ RNA occurred in the absence of DHX29 
(Figure 3.7, lane 12). Addition of recombinant DHX29 weakly decreased 48S complex 
assembly at AUG108 in favour of assembly at upstream near-cognate codons UUG86 and CUG102 
(Figure 3.7; compare lanes 12 and 13), consistent with a recently described role of DHX29 in 
influencing initiation codon selection during ribosome scanning (Pisareva & Pisarev, 2016b). 
In order to confirm recombinant DHX29 activity, 48S assembly and toeprinting analysis was 
performed on Sindbis virus (SV) 26S mRNA, previously characterised as requiring DHX29, 
but not eIF4A, activity for 48S complex assembly (Figure 3.9B; compare lanes 2 and 3) 
(Skabkin et al, 2010). Unlike eIF4A, DHX29 activity was not inhibited by the addition of 
hippuristanol into the assembly reaction (Figure 3.9B; compare lanes 5-8).  
 
 
Figure 3.9 48S complex assembly on SV S26 mRNA requires DHX29 whose activity is 
not inhibited by hippuristanol 
A) A schematic of the Sindbis virus (SV) 26S mRNA 5′ end. The initiating AUG codon is 
highlighted in green. 
B) Toeprinting analysis of 48S complex formation upon SV 26S mRNA at the indicated 
concentrations of hippuristanol. Selected codons are labelled on the left and toeprints caused 
by 48S complex assembly are marked with a closed arrowhead on the right. Lanes with 5 % 
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3.2.3 The 5′ UTR of ZIKV is not efficiently scanned 
As eIF1A omission reduced, but did not abrogate, 48S complex assembly at AUG108 in favour 
of UUG41 (Figure 3.7 lane 5), a mutational approach was carried out to investigate whether 
initiation codons within SLA were efficiently seen by the scanning ribosome. The near-cognate 
codon UUG41 was changed to AUG41 in the context of the ZIKV5′utr+ RNA, with an additional 
G23U mutation to maintain SLA structure. Similarly, an extra AUG was added at the top of 
SLA by mutating CAG31 to AUG31, with additional mutations C28G and G37C to put the new 
AUG in a more favourable Kozak sequence context (Figure 3.10A) (Kozak, 1989a).   
 
Mutation of UUG41 to AUG41 enhanced 48S complex assembly at this site, suggesting that a 
degree of linear scanning within SLA is occurring (Figure 3.10B; compare lanes 4 and 2). 
However, efficient 48S complex formation at AUG108 was not completely abrogated, despite 
the favourable sequence context of AUG41. Remarkably, addition of AUG31 at the top of SLA 
greatly inhibited 48S assembly upon the ZIKV5′utr+ RNA (Figure 3.10B, compare lanes 6 and 
2), even in the background of the UUG41 to AUG41 mutation (Figure 3.10B, compare lanes 8 
and 4). Subsequent in silico analysis of RNA structure using mfold (Zuker, 2003) suggested 
that introduction of AUG31 in favourable sequence context lead to stabilisation of the upper half 
of SLA (+AUG31 ΔG = -31.50 kcal/mol, wildtype ΔG = -25.70 kcal/mol), providing a possible 
explanation for this observation (illustrated in Figure 3.10A). This highlights the need to 
carefully consider RNA secondary structure when making mutations in these viruses. 
 
Instead AGU32 at the top of SLA was replaced with AUG32, which was already in a favourable 
sequence context hence mitigating the need for additional mutations within the stem (Figure 
3.10C). Following 48S complex assembly, only very weak assembly was detected at AUG32 
with the majority still occurring at AUG108 (Figure 3.10D; compare lanes 4 and 2). Taken 
together, these results suggest that SLA is not efficiently scanned by the 43S preinitiation 
complex in the presence of the canonical set of eIFs. 
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Figure 3.10 SLA is not efficiently scanned by the 43S preinitiation complex 
A, C) Stem-loop A (SLA) structures with the different mutations indicated. Mutations are 
shown in red. Structures were analysed by mfold (Zuker, 2003). Two alternative structures of 
the SLA +AUG31 mutant are shown. 
B, C) Toeprinting analysis of 48S complex formation upon capped ZIKV5′utr+ RNA with the 
indicated mutation. Selected codons are labelled on the left and toeprints caused by 48S 
complex assembly are marked with a closed arrowhead on the right. FL, full-length. 
 
3.3 Discussion 
Numerous experimental techniques have been used to study the mechanism of flavivirus 
translation including in vitro translation of reporter mRNAs in translation-competent cell-free 
extracts, mutational analysis of infectious replicons to identify important cis-acting elements, 
pharmacological intervention or protein knockdown during infection, polysome profiling or, 
more recently, ribosome profiling of infected cells (Roth et al, 2017; Edgil et al, 2006; Reid et 
al, 2018; Clyde & Harris, 2006; Clyde et al, 2008; Irigoyen et al, 2017; Campos et al, 2017). 
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Key advantages of the in vitro reconstitution approach are that the eIF requirement for a given 
RNA can be quickly ascertained and that the fidelity of start codon selection can be analysed, 
thus providing information about the precise mechanism of translation initiation. This work 
marks the first time that translation initiation has been reconstituted on a flavivirus.  
 
In the reconstitution system presented here, translation of ZIKV RNA was cap-dependent as 
addition of a 5′ cap structure greatly enhanced 48S complex formation at the initiating AUG of 
ZIKV (Figure 3.6), whereas omission of eIF4F abrogated it (Figure 3.7). Consistent with this, 
it has been previously reported that the antiviral cap-binding protein IFIT1 can attenuate the 
translation and replication of 2′-O methyltransferase deficient flaviviruses both in vitro and in 
vivo (Daffis et al, 2010; Fleith et al, 2018; Johnson et al, 2018). As IFIT1 has been demonstrated 
to inhibit translation by binding to non-self 5′ cap structures and outcompeting eIF4F binding 
(Kumar et al, 2014), this data is consistent with ZIKV requiring a cap-dependent mechanism 
for translation initiation during infection.  
 
The inhibitory effect of stable stem-loop structures in close proximity to the 5′ end of mRNAs 
on translation initiation have been well documented (Babendure et al, 2006; Kozak, 1989b).   
As SLA begins only 4 nt from the 5′ end of the ZIKV genome, it could be envisioned that 
ribosome recruitment is reliant on unwinding of this cap-proximal structure. Alternatively, a 
direct loading mechanism might occur to bypass SLA altogether. This has been proposed to 
occur on the SV 26S mRNA in a DHX29-dependent manner, whose 5′ end also possesses a 
cap-proximal stem-loop structure (Figure 3.9A) (Skabkin et al, 2010).  However, evidence 
presented here suggests that linear scanning from the 5′ end is the dominant mechanism by 
which ZIKV translation initiation occurs, as omission of eIF1A led to 48S complex formation 
at the upstream near-cognate codon UUG41 (Figure 3.7). In addition, mutations within SLA that 
increased stability of the stem reduced ribosome loading onto the ZIKV5′utr+ RNA (Figure 
3.10B).  
 
It is likely however that this mechanism of linear scanning performed by the 43S preinitiation 
complex is inefficient. Omission of eIF1A or mutation of UUG41 to AUG41 within SLA did not 
efficiently abrogate 48S complex formation at AUG108 (Figure 3.7 and Figure 3.10), which 
might be expected if the top half of SLA is inspected efficiently during scanning. Furthermore, 
an additional AUG in good sequence context introduced at the top of SLA was only weakly 
selected by the scanning complex (Figure 3.10D). Taken together, these data suggest that the 
upper half of SLA may not be efficiently scanned during ribosome recruitment when the 
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canonical set of eIFs are used. While addition of DHX29 did not enhance selection of near-
cognate codons within SLA (Figure 3.7), addition into assembly reactions performed on 
ZIKV5′utr+ RNA mutants containing AUG codons introduced within SLA might shift preference 
from AUG108, as DHX29 has been previously implicated in promoting selection of upstream 
cognate, but not near-cognate, initiation codons (Pisareva & Pisarev, 2016b). In this instance, 
DHX29 activity might be required for efficient scanning of the ZIKV 5′ UTR, yet it is clear that 
efficient selection of AUG108 occurs without this activity in the system established here. Further 
work needs to be performed to investigate the contribution and physiological relevance of 
DHX29-mediated scanning on ZIKV. 
 
The fact that ZIKV translation initiation is predominately cap- and 5′ end-dependent in this 
reconstitution system does not rule out the possibility that additional mechanisms occur during 
infection. It has been shown that under conditions of limited eIF4E availability DENV can 
switch to a non-IRES cap-independent mode of initiation in a manner requiring both the viral 
5′ and 3′ UTRs, suggesting that communication between the two terminal ends is important for 
this mechanism (Edgil et al, 2006). While the impact of long-range RNA-RNA interactions 
between the 5′ and 3′ ends of flavivirus genomes upon viral translation initiation is the subject 
of Chapter 5, 48S complex assembly on ZIKVfl RNA exhibited a similar cap-dependency as on 
ZIKV5′utr+ RNA (Figure 3.6), illustrating that the presence of both viral UTRs does not convey 
cap-independent initiation using the canonical set of eIFs. Alternatively, it has been suggested 
that the 5′ UTRs of ZIKV and DENV possess IRES activity, although so far this has been poorly 
characterised (Song et al, 2019). Such noncanonical translation initiation mechanisms could 
facilitate the escape from cap-dependent host cell translation shutoff seen during DENV and 
ZIKV infection (Roth et al, 2017).  
 
These mechanisms are likely to require additional factors beyond the canonical set of eIFs that 
promote or replace their activity and as a result were not reconstituted here. In support of this, 
transfection of adenosine-capped full-length DENV RNA only led to productive infection 
under pharmacologic inhibition of eIF4E, suggesting that a cellular stress response factor might 
be responsible for this cap-independent mode of translation (Edgil et al, 2006). Regardless, the 
reconstitution system established here provides a powerful investigative tool to study the 
requirement for such additional factors, which could be identified by supplementing the 
reconstitution system with fractionated cell lysate until the activity that yields cap-independent 
ribosome recruitment is isolated. A similar approach was used to identify the novel IRES trans-
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acting factor ITAF45 from RRL, required for the translation of foot-and-mouth disease virus but 
not Theiler’s murine encephalomyelitis virus (Pilipenko et al, 2000). 
 
However, several likely candidates for mediating cap- or eIF4E-independent translation 
initiation have been recently characterised. One such candidate is eIF3d, a cap-binding subunit 
of eIF3 that has been shown to promote eIF4E-independent translation initiation by binding 
directly to 5′ cap structures (Lee et al, 2016). While no efficient 48S complex formation was 
seen when eIF4F was omitted from the reconstitution system presented here (Figure 3.7 lane 
8), it cannot be concluded that this was as a result of eIF4E omission as eIF4G was also omitted 
within eIF4F. Another potential mechanism worth investigating involves the mRNA 
modification N6-methyladenosine (m6A). m6A modifications within the 5′ UTR of Heat shock 
protein 70 mRNA have been shown to promote cap-independent translation initiation under 
conditions of cellular stress following heat shock by recruiting eIF3 directly, bypassing the need 
for a 5′ cap structure (Meyer et al, 2015). These modifications have been mapped throughout 
the ZIKV genome and furthermore DENV was found to possess m6A modifications within its 
3′ UTR (Gokhale et al, 2016; Lichinchi et al, 2016). While no such modifications within the 5′ 
UTR of ZIKV have been described, it would be interesting to investigate their effect on 
ribosome recruitment.  
 
It is notable that an eIF4F-dependent toeprint upon the ZIKV 5′ UTR was often observed at nt 
position 132 on the ZIKV5′utr+ RNA (highlighted on Figure 3.7). This potentially represents a 
noncanonical interaction of eIF4F with ZIKV RNA and further work must be performed to 
functionally characterise this interaction. An intriguing possibility is that this interaction might 
play a role in cap-independent translation initiation under certain conditions or provide selective 
translation enhancement over host mRNAs. A similar eIF4F-dependent toeprint was previously 
described at nt 786 upon the EMCV IRES, which the authors proposed was a result of J-K 
domain stabilisation within the IRES upon binding (Pestova et al, 1996a).  
 
Taking all of the evidence into consideration, the reconstitution approach to study translation 
initiation provides a powerful tool in which to probe the mechanism of small ribosomal subunit 
recruitment and scanning, as well as the influence of RNA secondary structure on this process. 
Use of the system to examine translation initiation on ZIKV has revealed that the mechanism 
is predominately cap- and 5′ end-dependent when the canonical set of eIFs are included. This 
experimental set-up will be utilised in subsequent chapters to examine the effects of viral 
polymerase recruitment and genome circularisation on ZIKV translation initiation. 
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4 Viral polymerase recruitment inhibits cap-dependent ZIKV 
translation initiation  
4.1 Introduction 
Flavivirus NS5 is the largest flaviviral protein (103 kDa in ZIKV) and is multifunctional, 
possessing de novo RdRp activity (Guyatt et al, 2001; Tan et al, 1996; Ackermann & 
Padmanabhan, 2001) and MTase activity (Egloff et al, 2002; Ray et al, 2006; Zhou et al, 2007). 
During viral infection, NS5 is efficiently recruited to SLA at the 5′ end of the viral genome in 
a 1:1 stoichiometry with the RNA (Bujalowski et al, 2017) before subsequently translocating 
to the 3′ end to begin negative-sense RNA synthesis. This process is facilitated by long-range 
RNA-RNA interactions that effectively circularise the viral genome and bring the two genomic 
ends into close proximity (Filomatori et al, 2006, 2011).  It is important to note that as SLA 
structure is unaffected by genome circularisation, NS5 recruitment can occur to both the linear 
and circular genome conformations (Filomatori et al, 2006, 2011; Liu et al, 2016). 
 
It has been demonstrated that the structure of SLA (Figure 4.1) is critical for DENV2 NS5 
(NS5DENV2) binding, with helical regions within SLA, a top loop (TL) structure and the presence 
of a side stem-loop (SSL) all contributing (Lodeiro et al, 2009; Dong et al, 2008b; Li et al, 
2010; Filomatori et al, 2006, 2011). Mutations within the TL were found to impair viral 
replication during infection, and viruses can be rescued from this defect by spontaneously 
reverting to the wildtype sequence (Filomatori et al, 2006; Lodeiro et al, 2009). While deletion 
of the TL abrogated RdRp activity and impaired NS5 recruitment in vitro, nucleotide 
substitutions within this region have been shown to abolish RdRp activity without impairing 
recruitment, thus suggesting that NS5 recruitment alone is not sufficient for SLA promoter 
activity (Filomatori et al, 2011). Comparatively, mutations that disrupt the structure of the SSL 
have been shown to abolish both recruitment and RdRp activity in vitro and impair infectivity 
in vivo (Filomatori et al, 2011; Lodeiro et al, 2009). The base-pairing within helical regions S1 
and S2 are essential for DENV2 replication, although mutations within S3 are more tolerated 
(Filomatori et al, 2006; Lodeiro et al, 2009). While it was initially demonstrated that deletion 
of the conserved U-bulge between helical regions S1 and S2 was lethal in vivo (Lodeiro et al, 
2009), a deletion mutant is capable of NS5 binding and promoting RNA synthesis in vitro 
suggesting that this element possesses a different role during infection (Filomatori et al, 2011).  
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Figure 4.1 SLA structure is conserved within the genus Flavivirus 
Secondary structure predictions of stem-loop A (SLA) from representative mosquito-borne, 
tick-borne and no known vector flaviviruses using mFold (Zuker, 2003). Structures within 
DENV2 SLA discussed in the text are indicated. GenBank accession numbers are in brackets 
for the following sequences. ZIKV, Zika virus (KX197192.1); DENV2, Dengue serotype 
2 (NC_001474); WNV, West Nile virus (L24511.1); TBE, tick-borne encephalitis virus 
(U27495); MODV, Modoc virus (AJ242984); TL, top loop; SSL, side stem-loop 
 
Similar requirements for SLA structure in vitro and in vivo have also been described for 
replication of WNV (Dong et al, 2008b; Li et al, 2010). As these structural elements are 
predicted to occur in all members of the Flavivirus genus including TBFVs and NKFVs 
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(Lodeiro et al, 2009; Filomatori et al, 2006), these viruses likely share a common mechanism 
of polymerase recruitment. Consistent with this, some compatibility between NS5 polymerases 
and SLA structures from different flaviviruses have been reported. For example, NS5DENV2 is 
capable of using SLA from DENV1 as a promoter for RNA synthesis (Lodeiro et al, 2009) and 
NS5DENV3 binds to SLA from DENV2 (Bujalowski et al, 2017). Furthermore, NS5-SLA 
compatibility has been shown between WNV and DENV2 (Yu et al, 2008). However, in a 
separate study NS5WNV was reported as being incapable of synthesising RNA from a DENV 
SLA promoter (Li et al, 2010), suggesting that some species specific differences could exist. 
SLA structures from representative flaviviruses are shown in Figure 4.1. 
 
Crystal structures of full-length NS5ZIKV have been recently solved which show strong 
similarities with NS5 proteins from other flaviviruses (Figure 4.2) (Zhao et al, 2017; Upadhyay 
et al, 2017). NS5 consists of a N-terminal MTase domain and a C-terminal RdRp domain 
separated by a flexible linker thought to regulate the activity of the two domains (Zhao et al, 
2015; Klema et al, 2016). The C-terminal RdRp domain of NS5 is known to adopt a conserved 
right-hand conformation with subdomains corresponding to the fingers, palm and thumb (Yap 
et al, 2007; Godoy et al, 2017). A structural priming element emanates from the thumb 
subdomain towards the active site to facilitate de novo initiation of RNA replication (Selisko et 
al, 2012), which represents an attractive therapeutic target (Lim et al, 2016). The catalytic 
active site (G664-D665-D666 in ZIKV) resides above the palm domain (Yap et al, 2007; Godoy 
et al, 2017). The MTase domain is highly conserved between flaviviruses and adopts a classic 
α/β/α sandwich structure (Zhao et al, 2017; Byszewska et al, 2014). 
 




Figure 4.2 Crystal structure of full-length NS5ZIKV 
A) Cartoon structure showing the arrangement of the MTase and RdRp domains within 
NS5ZIKV. A top view is shown on the left with the linker between the two domains and a unique 
flaviviral extension highlighted. The inset illustrates a close up of the RdRp domain active site 
with important residues and the priming loop indicated. The right view shows a side view of 
the RdRp domain illustrating the palm, fingers and thumb subdomains. The structure was 
downloaded from the Protein Data Bank (accession number 5U0B; Zhao et al, 2017) and 
visualised using Pymol. 
B) Schematic representation of ZIKV NS5 domain organisation with features shown in A) 
indicated. MTase, methyltransferase domain; RdRp, RNA-dependent RNA polymerase. 
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Electrophoretic mobility shift assays (EMSAs) have shown that the RdRp domain of NS5DENV2 
alone is sufficient to bind to SLA with a high affinity (reported with a Kd of around 10 nM), 
with the MTase domain alone only weakly binding (Filomatori et al, 2006, 2011). The presence 
of the MTase domain in addition to the RdRp domain in the context of the full-length NS5 
protein was not found to enhance binding (Filomatori et al, 2011). Indeed, an unbiased yeast 
three-hybrid approach mapping the interactions of both full-length NS5DENV2 and the RdRp 
domain only with the entire DENV2 genome found that the addition of the MTase domain did 
not confer additional binding specificity to that of the RdRp alone (Hodge et al, 2016). Within 
the RdRp domain itself the conserved F1 region within the fingers subdomain has been 
implicated as providing specificity to SLA, as mutation of residues within this region inhibits 
RNA synthesis from a SLA promoter but not that of a poly(rC) template (Iglesias et al, 2011).  
 
Comparatively, it was found by EMSA that the RdRp domain of NS5WNV is not sufficient for 
SLA recruitment, requiring the MTase domain for specificity (Dong et al, 2008b). However, 
these findings were contradicted in a later study using a different recombinant RdRp construct 
(Li et al, 2010). As it has been reported that His-tagged NS5DENV2 possesses lower polymerase 
activity than untagged protein in vitro (Kamkaew & Chimnaronk, 2015), it is clear that 
differences in protein activity between studies might be as a result of construct design. 
However, it is important to note that chimeric DENV2 containing either full-length NS5WNV or 
the RdRp or MTase domains alone was found to be replication-deficient (Dong et al, 2010), so 
it is possible that the precise mechanism of SLA recognition by NS5 differs between 
flaviviruses. 
 
During viral RNA synthesis, the MTase domain of NS5 binds to and sequentially methylates 
viral caps at the guanine N-7 position and the ribose 2′-O position (Zhou et al, 2007; Ray et al, 
2006; Dong et al, 2010). As such, one could hypothesise that the MTase domain within the 
context of full-length NS5 protein enhances binding to capped SLA-RNA. However, NS5DENV2 
was found by EMSA to bind to capped and uncapped DENV RNAs with similar affinities 
(Iglesias et al, 2011). Furthermore, m7GpppA RNA could not outcompete labelled tri-
phosphorylated (pppA) RNA for binding to NS5WNV more efficiently than tri- or non-
phosphorylated (A) RNA (Dong et al, 2008b). Taken together, these data suggest that efficient 
NS5 recruitment is independent of a 5′ cap structure and, in the case of NS5DENV2 at least, 
completely independent of the MTase domain. It is important to note however that the presence 
of the MTase domain within full-length NS5DENV2 has been shown to enhance both initiation 
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and elongation of RNA synthesis, illustrating that interplay between the activities of the two 
domains does occur (Potisopon et al, 2014).  
 
In the previous chapter, it was shown that ZIKV undergoes a cap-dependent mechanism of 
translation initiation in an in vitro reconstitution system. As both NS5ZIKV and the translational 
machinery localise at the 5′ end, interplay between NS5 recruitment and translation initiation 
is likely to occur. Therefore, the aim of the work presented in this chapter was to determine 
whether or not NS5ZIKV recruitment to ZIKV RNA modulates translation initiation. 
 
4.2 Results 
4.2.1 NS5 displays selectivity to SLA at the 5′ end of the ZIKV genome 
Wildtype and RdRp activity-deficient (G664DD → G664AA; GAA) full-length NS5ZIKV proteins 
were expressed recombinantly in bacteria and purified by affinity and size-exclusion 
chromatography (Figure 4.3).  
 
 
Figure 4.3 Recombinant full-length NS5ZIKV 
Wildtype (WT) NS5ZIKV and polymerase deficient G664DD → G664AA (GAA) NS5ZIKV were 
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The interaction between NS5ZIKV and ZIKV RNA was analysed by EMSA. In these 
experiments, an RNA probe corresponding to the ZIKV 5′ end (ZIKV5′utr+, previously described 
in Chapter 3) was incubated with NS5ZIKV in the presence of a binding buffer containing yeast 
tRNA, which serves as a competitor to inhibit non-specific RNA binding. Protein-bound RNA 
was subsequently separated from unbound RNA by native PAGE at low temperature to 
maintain the RNA-protein interaction prior to visualisation. In order to confirm selectivity for 
SLA, additional constructs derived from ZIKV5′utr+ RNA were used. The first contained a 
destabilised SLA structure (ZIKV5′utr+-DS) and the second lacked SLA altogether (ZIKV5′utr+-
Del) (mutants are shown in Figure 4.4). 
 
 
Figure 4.4 The SLA-mutants examined within ZIKV 5′ UTR RNA 
Schematics illustrating wildtype ZIKV5′utr+, ZIKV5′utr+-DS and ZIKV5′utr+-Del. Mutations are 
indicated in red. The initiating AUG within SLB is indicated. SLA, stem-loop A; SLB, stem-
loop B; cHP, C coding region hairpin 
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Capped RNA constructs were incubated with an increasing concentration of NS5ZIKV to 
determine the relative affinity of NS5ZIKV to each. Addition of NS5ZIKV to wildtype ZIKV5′utr+ 
RNA resulted in a well-defined band corresponding to protein binding, with a 50 % shift 
occurring when NS5ZIKV concentration was ~128nM (Figure 4.5A lane 7). This is a similar 
order of magnitude as Kd measurements obtained for NS5DENV2 (14 nM by EMSA, Filomatori 
et al, 2011; 52.9 nM by surface plasmon resonance, Kamkaew & Chimnaronk, 2015) and 
NS5DENV3 (100 nM by fluorescence binding assay, Bujalowski et al, 2017b) binding to their 
respective SLA structures. Comparatively, no clear binding was observed to the ZIKV5′utr+-DS 
construct (Figure 4.5B), highlighting the importance of SLA structure in protein recruitment. 
Surprisingly, binding was detected between NS5ZIKV and the ZIKV5′utr+-Del RNA which lacks 
SLA (Figure 4.5C), albeit at higher NS5ZIKV concentrations than that required to shift wildtype 
ZIKV5′utr+ RNA (50 % shift ~256 nM). 
 
In order to examine whether the interaction between NS5ZIKV and ZIKV5′utr+-Del was specific, 
the effect of increasing the amount of yeast tRNA in the EMSA binding reaction was 
investigated. Increasing total tRNA amount from 2 μg to 4 μg had no effect on NS5ZIKV binding 
to either the ZIKV5′utr+ or ZIKV5′utr+-Del RNA (Figure 6, compare lanes 4 and 3, 8 and 7), thus 
suggesting that the interaction between NS5ZIKV and ZIKV5′utr+-Del RNA is specific. 
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Figure 4.5 Alteration of SLA inhibits NS5ZIKV recruitment to ZIKV RNA 
EMSA analysis of capped A) ZIKV5′utr+, B) ZIKV5′utr+-DS and C) ZIKV5′utr+-Del RNA with 
increasing amounts of NS5ZIKV (a representative experiment is shown from two independent 




Figure 4.6 The interaction between NS5ZIKV and ZIKV5′utr+-Del RNA is specific 
EMSA analysis of capped ZIKV5′utr+ and ZIKV5′utr+-Del RNA binding to NS5ZIKV with the 
indicated amount of yeast tRNA present in the binding reaction. Gels were poststained with 
ethidium bromide for detection. Free and bound RNA is indicated. 
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4.2.2 ZIKV NS5 inhibits translation of a SLA-containing firefly luciferase reporter 
In order to ascertain the effect of NS5ZIKV recruitment to SLA on translation, NS5ZIKV was 
incubated with a capped RNA reporter containing the 5′ and 3′ UTRs of ZIKV separated by 
Fluc (ZIKVFluc) before addition into a translation-competent Vero cell lysate. Translation was 
monitored by measuring luminescence from the reporter and subsequently normalised to 
translation in the absence of NS5ZIKV. Inclusion of both wildtype and RdRp activity-deficient 
(G664DD → G664AA) mutant NS5ZIKV (GAA; Figure 4.2) significantly inhibited luciferase 
production from the ZIKVFluc reporter (around 65 % inhibition; Figure 4.7). Conversely, 
addition of either protein to a ZIKVFluc reporter with a destabilised SLA, ZIKVFluc-DS (as in 
Figure 4.4), failed to inhibit luciferase production (Figure 4.7). In agreement with the EMSA 
binding experiments, binding of NS5ZIKV to ZIKVFluc RNA lacking SLA (ZIKVFluc-Del) 
inhibited luciferase production to a lesser extent than binding to wildtype ZIKVFluc RNA 
(Figure 4.7). This data suggests that inhibition of translation by NS5 is independent of RdRp 
and eIF activity but instead directly related to the ability of NS5 to bind the RNA template. 
 
 
Figure 4.7 NS5ZIKV recruitment inhibits translation of a luciferase reporter 
A capped, in vitro transcribed firefly luciferase reporter flanked by the ZIKV UTRs containing 
wildtype (ZIKVFluc), destabilised (ZIKVFluc-DS) or deleted (ZIKVFluc-Del) SLA was incubated 
with wildtype (WT) or G664DD → G664AA (GAA) mutant NS5ZIKV at the highest concentration 
used in Figure 4.5. Following subsequent addition to a translation-competent Vero cell lysate, 
luciferase activity was measured. Data are mean+/-SEM of three independent experiments 
normalised to the absence of NS5ZIKV. Statistical significance was assessed by multiple t test 
analysis. NS, not significant; * represents p<0.01. 
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4.2.3 Recruitment of ZIKV NS5 to SLA inhibits de novo translation initiation 
To establish whether inhibition was occurring at the initiation stage of translation, ZIKV5′utr+ 
RNA and the SLA mutants were incubated with increasing amounts of NS5ZIKV before addition 
into the 48S assembly reaction described in the previous chapter. Addition of NS5ZIKV led to a 
dose-dependent decrease in 48S complex assembly on ZIKV5′utr+ RNA but not ZIKV5′utr+-DS 
RNA (Figure 4.8B, compare lanes 2-5 with 7-10), and to a lesser extent on ZIKV5′utr+-Del RNA 
(Figure 4.8C, compare lanes 2-5 with 7-10).  
 
NS5ZIKV incubation with ZIKV5′utr+ RNA in the context of a 48S assembly reaction produced a 
distinctive RT stop at nt 71 (Figure 4.8B and C, lanes 3-5), present directly at the SLA/SLB 
boundary within the ZIKV 5′ UTR (indicated on Figure 4.8A). To examine whether this stop 
occurred in the absence of 48S assembly, ZIKV5′utr+ RNA was incubated with NS5ZIKV in the 
absence of the translational machinery and an RT reaction was carried out. Addition of NS5ZIKV 
in the absence of other factors was sufficient for the formation of this RT stop (Figure 4.9 lane 
3). Additionally, this stop was also present when NS5ZIKV was incubated with full-length ZIKV 
RNA (ZIKVfl) (Figure 4.9 lane 7), and furthermore pre-incubation with NS5ZIKV inhibited 48S 
complex formation upon this RNA in a manner similar to that of ZIKV5′utr+ RNA (Figure 4.9 
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Figure 4.8 NS5ZIKV recruitment inhibits 48S assembly on ZIKV RNA 
A) Schematic of wildtype ZIKV5′utr+ from nt 1-160. The position of an NS5-dependent RT stop 
at nt 71 is indicated (*). Sequences corresponding to the 5′ UAR, DAR and CS sequences 
involved in genome 5′-3′ hybridisation are highlighted in green, blue and purple, respectively. 
The 5′ cap structure is represented as a circle. SLA, stem-loop A; SLB, stem-loop B; cHP, C 
coding region hairpin.  
B, C) Toeprinting analysis of 48S complex assembly on capped, in vitro transcribed ZIKV5′utr+ 
RNA compared to B) ZIKV5′utr+-DS RNA and C) ZIKV5′utr+-Del RNA (a representative 
experiment is shown from two independent experiments). NS5ZIKV was initially pre-incubated 
with the RNA at the three highest concentrations as in Figure 4.5 before addition of the 
translation initiation factors. The same assembly reaction on ZIKV5′utr+ RNA is used on both 
gels. Selected codons are labelled on the left and toeprints caused by 48S complex assembly or 
NS5ZIKV binding are marked with a closed arrowhead on the right. FL, full-length. 
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Figure 4.9 NS5ZIKV binding to SLA arrests RT in the absence of translation factors 
Toeprinting analysis of 48S complex assembly on capped, in vitro transcribed ZIKV5′utr+ RNA 
compared to ZIKVfl RNA. NS5ZIKV was initially pre-incubated with the RNA at the highest 
concentration used in Figure 4.8 before addition of the translation initiation factors. Selected 
codons are labelled on the left and toeprints caused by 48S complex assembly or NS5ZIKV 
binding are marked with a closed arrowhead on the right. FL, full-length. 
 
Finally, in order to investigate whether NS5ZIKV could directly compete with the translational 
machinery for binding to ZIKV RNA, NS5ZIKV was included in the 48S assembly reaction on 
ZIKV5′utr+ RNA without initial preincubation. Addition of NS5ZIKV inhibited 48S complex 
assembly strongly at the initiating AUG (Figure 4.10, compare lanes 3 and 2). This indicates 
that NS5ZIKV recruitment to SLA can directly outcompete ribosome loading and thus potentially 
inhibit cap-dependent ZIKV translation in the context of infection. 
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Figure 4.10 NS5ZIKV can outcompete the translational machinery for binding to the 
ZIKV 5′ end 
Toeprinting analysis of 48S complex assembly on capped, in vitro transcribed ZIKV5′utr+ RNA. 
NS5ZIKV was added directly into the 48S complex assembly reaction to a final concentration of 
256 nM. Selected codons are labelled on the left and toeprints caused by 48S complex assembly 
or NS5ZIKV binding are marked with a closed arrowhead on the right. FL, full-length. 
 
4.3 Discussion 
During infection, a positive-sense RNA virus must carefully regulate the use of its genome for 
the antagonistic processes of translation and replication. An efficient way in which to modulate 
the balance between two processes is for the machinery of one process to negatively regulate 
the other. Indeed, it is known that RNA viruses can modulate translation through polymerase 
binding. For example, the PV 3CD protein is a precursor of the viral protease (3Cpro) and the 
viral polymerase (3Dpol) that binds to a cloverleaf structure within the PV IRES, thus disrupting 
binding of the key trans-acting factor PCBP and negatively regulating translation (Gamarnik 
& Andino, 1998). Furthermore, binding of bacteriophage Qβ polymerase to the site of ribosome 
recruitment on Qβ RNA is thought to inhibit ribosome loading thus allowing RNA replication 
to occur unimpeded (Kolakofsky & Weissmann, 1971). Alternatively, it has been demonstrated 
that the polymerase of influenza virus (the genome of which is negative-sense) positively 
regulates viral translation during inhibition of host protein synthesis by compensating for the 
cap-eIF4E interaction (Yángüez et al, 2011; Burgui et al, 2007). As such, modulation of 
translation through the RNA polymerase responsible for replication may be a widespread 
mechanism to coordinate these two key processes during viral infection. 
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The results presented in this chapter illustrate that NS5ZIKV recruitment to the 5′ end of the linear 
ZIKV genome inhibits translation initiation and that recruitment directly outcompetes that of 
the translation machinery. This therefore provides a mechanism to “prime” genomic RNAs for 
replication during infection by ensuring that genomes about to undergo replication are cleared 
of translating ribosomes. Following recruitment, NS5ZIKV translocation to the 3′ end of the 
ZIKV genome to begin negative-strand RNA synthesis is mediated by genome circularisation 
(Filomatori et al, 2006, 2011). Investigation into the mechanism that ensures ribosome loading 
is not resumed upon NS5ZIKV departure from the 5′ UTR during RNA replication forms the 
basis of the Chapter 5. 
 
Additional functions of NS5ZIKV beyond its MTase and RdRp activities have been described, 
such as its ability to bind STAT-2 and inhibit Type I and Type III interferon signalling (Kumar 
et al, 2016a; Grant et al, 2016). However, this represents the first description of this key protein 
acting as an inhibitor of viral translation. Due to the conserved nature of SLA and NS5 structure 
between different flaviviruses (Filomatori et al, 2006; Lodeiro et al, 2009; Zhao et al, 2017; 
Upadhyay et al, 2017), it is likely that inhibition of cap-dependent translation upon NS5 
recruitment to SLA is common among different flaviviruses.  
 
The mechanism by which translation inhibition is mediated by NS5ZIKV remains unclear, 
however. One possibility is that the MTase domain of the protein occludes the 5′ cap structure, 
thus making it inaccessible to eIF4E-binding. As eIF4F was shown in the previous chapter to 
be essential for 48S complex formation in the reconstitution system, this is a likely mechanism 
of action which requires further experimental validation. For instance, filter binding assays 
could be performed to compare the relative affinity of eIF4F binding to the cap structure to that 
of NS5ZIKV. As the RdRp domain of NS5DENV2 has been shown to be sufficient for SLA 
recruitment (Filomatori et al, 2006, 2011), it would be prudent to investigate whether this 
domain alone is capable of mediating translation inhibition on DENV2 RNA or whether the 
MTase domain is also required. Cap-independent translation has been proposed as occurring in 
DENV and ZIKV infection under conditions of cellular stress later in infection (Edgil et al, 
2006; Roth et al, 2017), which could provide a potential mechanism to release newly 
synthesised RNA from translational inhibition mediated by NS5 SLA recruitment to facilitate 
efficient virion production. 
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It is important to note that the RNA constructs used in this study all possess a cap0 rather than 
a cap1 structure, lacking the additional methylation at the first ribose 2′-O position which is 
catalysed by the MTase of NS5 during infection (Egloff et al, 2002). As 2′-O-methylation 
deficient ZIKV and WNV are functionally indistinct from wildtype viruses in Type I interferon-
deficient cells (Daffis et al, 2010; Johnson et al, 2018), is likely that the major function of 2′-
O-methylation lies in immune evasion and gives no functional difference with regards to the 
NS5-SLA interaction. However, further experimental work is required to confirm that the 
interaction of NS5ZIKV with SLA is independent of the 5′ cap structure in an analogous fashion 
to NS5DENV2 and NS5WNV (Dong et al, 2008b; Iglesias et al, 2011). 
 
An alternative possibility to occlusion of the 5′ cap structure is that recruitment of NS5ZIKV to 
ZIKV RNA stabilises SLA structure, consistent with the RT stop observed between the 
SLA/SLB interface upon NS5ZIKV binding (Figure 4.9). Such stabilisation could prevent 
ribosome loading from the 5′ end, which may depend upon SLA unwinding. Evidence for this 
mechanism comes from the fact that a mutation that stabilised SLA was found to greatly reduce 
48S complex assembly on ZIKV5′utr+ RNA in Chapter 3. A crystal structure of NS5ZIKV bound 
to SLA-RNA would help to delineate these two possible mechanisms.  
 
It is currently unclear why specific binding was detected by EMSA between NS5ZIKV and 
ZIKV5′utr+ RNA lacking SLA (although with lower affinity than wildtype RNA), in contrast to 
similar experiments reported for NS5DENV2 and NS5WNV (Filomatori et al, 2006; Dong et al, 
2008b).  However, while footprinting analysis of NS5DENV2 and NS5WNV bound to SLA has 
shown that NS5 contacts SLA predominately in the TL structure and the SSL, additional 
contacts downstream of SLA were reported (Dong et al, 2008b; Filomatori et al, 2011). 
NS5WNV was found to contact additional nucleotides, including those present in SLB and the 
cHP stem, only in the unhybridised linear form of the 5′ UTR but these interactions were found 
to not be critical for NS5 binding (Dong et al, 2008b). This is consistent with the report that 
NS5DENV4 is more selectively recruited to viral RNA present in the linear rather than the circular 
conformation of the viral genome, suggesting that structures downstream of SLA play a role in 
modulating NS5 recruitment (Liu et al, 2016). Comparatively, it was reported that binding of 
NS5DENV2 to DENV2 RNA led to structural re-arrangement downstream of SLA, increasing the 
accessibility of those regions to RNase digestion (Filomatori et al, 2011). It is clear then that 
additional contacts downstream of SLA are made upon NS5 recruitment and such contacts may 
help to explain why NS5ZIKV was recruited to ZIKV5′utr+ RNA lacking SLA structure.  
 
Viral polymerase recruitment inhibits cap-dependent ZIKV translation initiation 
 85 
However, it also remains to be determined whether the mode of NS5ZIKV binding to SLA is 
identical to these other well-characterised flaviviruses. Is binding mediated solely by the RdRp 
domain as described for DENV (Filomatori et al, 2006, 2011), or does the MTase domain 
contribute as suggested for WNV (Dong et al, 2008b)? Are the precise requirements for certain 
SLA structural features for recruitment the same or not?  
 
Taking all of the evidence into consideration then, it is clear that the ZIKV SLA structure acts 
as a key linchpin for the balance between translation and replication during infection. The work 
presented here establishes yet another function for NS5ZIKV; a translation inhibitor. Follow-up 























Circularisation of ZIKV genomic RNA inhibits de novo translation initiation 
 86 
5 Circularisation of ZIKV genomic RNA inhibits de novo 
translation initiation 
5.1 Introduction 
Circularisation of flavivirus genomic RNA is essential for replication during infection and relies 
upon the hybridisation of a series of known cis-acting elements within the 5′ and 3′ ends of the 
genome (Villordo & Gamarnik, 2009; Barrows et al, 2018). These elements are namely the 
UAR, the DAR and the CS (highlighted for ZIKV in Figure 5.1, with the complete sequences 
shown in Appendix A) (Alvarez et al, 2005b; Zhang et al, 2008a; Friebe & Harris, 2010; 
Khromykh et al, 2001a). While these elements were initially characterised by sequence 
comparison and mutagenic analysis, more recent studies have illustrated via RNA crosslinking 
approaches and high-throughput sequencing technology that these structures can be detected in 
vivo during viral infection (Ziv et al, 2018; Li et al, 2018; Huber et al, 2019). Furthermore, 
these interactions have recently been described as forming within ZIKV and DENV virions 
(Dethoff et al, 2018; Huber et al, 2019). The data from these studies shows that the ZIKV 
genome is highly dynamic during the infectious cycle, adopting numerous different 
conformations (Ziv et al, 2018; Li et al, 2018; Huber et al, 2019). 
 
Experiments using DENV2 have illustrated that the balance between the linear and the circular 
conformation of the viral genome is important during infection, suggesting that the two 
genomic forms have opposing roles (Gebhard et al, 2011; Villordo et al, 2010). Within the viral 
3′ UTR, the sHP structure only exists in the linear conformation as it forms the 3′ half of the 
UAR interaction in the circular form. Mutations that alter the relative stabilities of these 
mutually exclusive structures lead to a decrease in viral replication, with subsequent 
spontaneous revertant mutations arising that restore the equilibrium between the two genomic 
conformations (Villordo et al, 2010). While a large amount of biochemical data has illustrated 
that circularisation of the flaviviral genome is required for efficient RNA replication by 
facilitating translocation of the viral polymerase NS5 from the 5′ to 3′ end of the genome 
(Filomatori et al, 2006; Lodeiro et al, 2009; Filomatori et al, 2011; Iglesias et al, 2011), the 
precise role of the linear form of the genome during infection is unclear.  
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Figure 5.1 The ZIKV genome circularises during infection 
A schematic illustrating the linear (top) and the circular (bottom) conformations of the ZIKV 
genome that occur during infection. Sequences corresponding to the UAR, DAR and CS are 
highlighted in green, blue and purple, respectively. The initiating AUG at nt 108 and upstream 
near-cognate codons discussed in the text are highlighted in bold. The 5′ cap structure is 
represented as a circle. SLA, stem-loop A; SLB, stem-loop B; cHP, C coding region hairpin; 
sHP, small hairpin; 3' SL, 3' stem-loop. 
 
In the previous chapter, recruitment of NS5ZIKV to SLA was shown to inhibit cap-dependent 
translation initiation upon the ZIKV 5′ UTR. This was hypothesised to clear the RNA of 
translating ribosomes, thus allowing subsequent RNA replication to proceed unimpeded. 
However, departure of NS5 from SLA during replication following genome circularisation 
would leave the 5′ end of the RNA open to re-engage with the translation machinery, potentially 
leading to abortive transcription and translation products. It is likely, therefore, that the circular 
form of the viral genome is not permissive for translation initiation. Consistent with this model, 
a three-fold decrease in translation was observed from a Fluc reporter flanked by the DENV 
UTRs following transfection into Vero cells when the first 36 nt of the C coding region 
containing the 5′ CS element was also included, thus permitting hybridisation of the terminal 
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elements (Chiu et al, 2005). Furthermore, genome circularisation is not essential for translation 
of DENV replicons following transfection (Alvarez et al, 2005a, 2005b, 2008), thus suggesting 
that translation of the linear genome conformation is the predominant way by which viral genes 
are expressed.  
 
The aim of the work presented in this chapter was to investigate the effect of 5′ and 3′ ZIKV 
genome hybridisation on ZIKV translation both within the context of the virus during infection 
and within the reconstitution system for translation initiation previously described. 
 
5.2 Results 
5.2.1 Optimisation of a reverse genetics system for ZIKV 
In order to provide a full-length infectious ZIKV genome containing both the 5′ and 3′ UTRs 
for use in viral infection and in vitro assays, a previously described reverse genetic system for 
ZIKV was adapted (Mutso et al, 2017). This plasmid-based system consists of an infectious 
cDNA (icDNA) clone of a Brazilian isolate of ZIKV (RNA derived from which is referred to 
as ZIKVfl). Additionally, an icDNA clone containing a stable Nluc insertion fused to an 
additional copy of the C gene was utilised for in cellulo assays (ZIKVNluc; shown schematically 
in Figure 5.2A). It has been previously demonstrated that Nluc expression levels remain stably 
high for up to four passages of the ZIKVNluc reporter virus (Mutso et al, 2017). Similarly tagged 
reporter constructs have been used to distinguish between translation of input RNA and 
subsequent replication during DENV infection (Alvarez et al, 2005a; Villordo et al, 2010; 
Samsa et al, 2009). 
 
Previously reported SP6-driven transcription from the ZIKV icDNA plasmids yielded two 
RNA products, one corresponding to the full-length ZIKV RNA and another corresponding to 
a truncated form (Mutso et al, 2017). In order to obtain a single RNA species for in vitro assays 
the plasmids were modified, and transcription was instead driven from a T7 promoter to yield 
a single band corresponding only to full-length RNA (Figure 5.2B). In order to compare the 
infectivity of ZIKVNluc RNA transcribed from the two promoters, 10 μg of capped SP6-driven 
transcript was electroporated into Vero cells alongside different amounts of capped T7-driven 
RNA and genome copy number was followed by qPCR over a 6-day period. No notable 
difference in how genome copy number changed over time was observed (Figure 5.2C), 
illustrating that RNA generated from either promoter can produce a productive ZIKV infection. 
Circularisation of ZIKV genomic RNA inhibits de novo translation initiation 
 89 
 
Figure 5.2 T7-driven full-length ZIKV RNA is capable of initiating a productive ZIKV 
infection 
A) A schematic illustrating ZIKVNluc. The first copy of the C gene is fused to a Nluc reporter 
and is separated from a second C sequence with altered codons and the rest of the polyprotein 
by the foot-and-mouth disease virus 2A StopGo (Mutso et al, 2017). ZIKVNluc-GAA and 
ZIKVNluc-Δ3′CS polymerase mutations are indicated. 
B) ZIKVNluc RNA transcribed from a T7 or SP6 promoter was denatured using formamide-
containing loading dye before analysis by agarose gel electrophoresis. Ethidium bromide was 
used for detection. The full-length (FL) and truncation products are indicated. 
C) Time course of ZIKV genome copies normalised to ng total RNA following electroporation 
of the indicated amount of capped T7- or SP6-driven ZIKVNluc RNA into Vero cells. 2.5x105 
cells were seeded post-electroporation for the T=6 hrs timepoint, whereas 2.5x104 cells were 
seeded for all other time points. Data are mean +/- SEM for three technical repeats within one 
independent experiment. 
 
To investigate how translation of ZIKVNluc changes over the course of infection, capped RNA 
was electroporated into Vero cells and samples were taken to monitor genome copy number 
and Nluc activity. As a control to help identify Nluc activity produced from initial translation 
of input RNA versus subsequent replication, ZIKVNluc RNA containing a mutation within the 
catalytic site of the NS5 RdRp domain (G664DD → G664AA) was used (ZIKVNluc-GAA, shown 
in Figure 5.2A).  
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Translation of input RNA was found to peak around 3 to 6 hours post-electroporation for both 
replication-competent and -incompetent ZIKVNluc (Figure 5.3A). Subsequent reduction in Nluc 
activity up to 12 hours occurred as a result of degradation of both the input RNA and Nluc 
initially produced (Figure 5.3A and B), consistent with results obtained from similar 
experiments (Javorovic et al, 2005; Alvarez et al, 2005a).  However, at 24 and 48 hours post-
electroporation the Nluc signal for the wildtype ZIKVNluc infection rebounds (Figure 5.3A) in a 
manner that correlates with an increase in genome copy number (Figure 5.3B), while for 
ZIKVNluc-GAA both Nluc activity and genome copy number continue to decrease. This 
indicates that the increase in Nluc signal seen after 24 hours is a result of genome replication 
and subsequent translation of nascent genomes. ZIKVfl RNA replicated to a similar extent to 
that of ZIKVNluc over the time course, indicating the addition of the Nluc reporter has no major 
effect on viral growth kinetics (Figure 5.3B). 
 
The data presented here illustrates that by using ZIKVNluc reporter RNA, initial translation can 
be separated from subsequent replication provided that Nluc activity is measured within the 
first 12 hours post-electroporation. These viral kinetics are similar to those previously reported 




Figure 5.3 ZIKVNluc can be used to separate initial translation from replication during 
infection 
Time course of A) luciferase activity normalised to total protein amount and B) ZIKV genome 
copy number quantified by qPCR following electroporation of capped ZIKVfl, ZIKVNluc or 
ZIKVNluc-GAA into Vero cells. 1x105 cells were seeded post-electroporation for each time 
point. Data are mean +/- SEM for three technical repeats within one independent experiment. 
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5.2.2 ZIKV replication requires genome circularisation 
It has been previously reported for DENV and WNV that genome circularisation via long-range 
5′ and 3′ interactions is essential for viral replication but dispensable for translation (Zhang et 
al, 2008a; Lo et al, 2003; Alvarez et al, 2005a). In order to analyse the effect of ZIKV 
circularisation on replication and translation, Vero cells were electroporated with capped 
ZIKVNluc RNA and a mutant in which the 3′ CS had been replaced with the 5′ CS to abrogate 
base-pairing between the two elements (ZIKVNluc-Δ3′CS; sequence is shown Figure 5.2A, 
represented schematically in Figure 5.4A). Similar mutations made in DENV have been shown 
to be sufficient to disrupt genome circularisation (Alvarez et al, 2005a, 2005b). ZIKVNluc-GAA 
was also analysed as a known replication-deficient RNA. Samples throughout the time course 
were taken to measure both genome translation through Nluc activity and genome copy number 
by qPCR. 
 
Although the genome copy number of all constructs decreased from 6 hours to 24 hours post-
electroporation, only the genome copy number of wildtype ZIKVNluc recovered after 48 hours, 
while that of the ZIKVNluc-Δ3′CS and ZIKVNluc-GAA continued to decrease (Figure 5.4B). This 
indicates that the 5′-3′ interaction of the CS element is essential for ZIKV replication, consistent 
with other flaviviruses (Alvarez et al, 2005a; Lo et al, 2003; Khromykh et al, 2001a). This 
concurs with Nluc measurements taken over the time course (Figure 5.4C). At 6 hours post-
electroporation, when genome copy number was equivalent between the three viruses (Figure 
5.4B), measured Nluc activity was similar (Figure 5.4D). As wildtype ZIKVNluc and ZIKVNluc-
GAA are capable of circularising whereas ZIKVNluc-Δ3′CS is not, this suggests that 
circularisation potential does not impact upon translational efficiency of input RNA in this 
assay. Therefore, circularisation is dispensable for translation at early time points of ZIKV 
infection in an analogous fashion to DENV (Alvarez et al, 2005a, 2005b, 2008). Furthermore, 
at later timepoints no differences in translation were observed between circularisation-
incompetent ZIKVNluc-Δ3′CS and circularisation-competent ZIKVNluc-GAA (Figure 5.4C). 
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Figure 5.4 Circularisation of the ZIKV genome is required for replication  
A) Schematic illustrating the ZIKVNluc-Δ3′CS mutant. The dark and light purple represent the 
5′ CS and 3′ CS, respectively. The black dotted line represents cyclisation potential. 
B, C) Time course of B) ZIKV genome copy number quantified by qPCR and C) luciferase 
activity normalised to total protein amount after electroporation of capped ZIKVNluc, ZIKVNluc 
-Δ3′CS or ZIKVNluc-GAA RNA into Vero cells. 2x105 cells were seeded post-electroporation 
for the T=6 hrs timepoint, whereas 5x104 cells were seeded for all other time points. Data are 
mean +/- SEM for three independent experiments. 
D) Luciferase activity normalised to total protein amount at 6 hours post-electroporation 
normalised to the wildtype control (full time course is shown in C). Data are mean+/-SEM of 
three independent experiments. ZIKVNluc-GAA and ZIKVNluc-Δ3′CS mutants were compared 
by Mann-Whitney test (P=0.4). NS, not significant. 
 
While recent studies have shown that circularised RNA can be detected within infected cells 
using RNA structure mapping approaches (Ziv et al, 2018; Huber et al, 2019), at late time 
points post-infection (>20 hours) the majority of ZIKV genomic RNA is linear (Li et al, 2018). 
This ultimately presents a major limitation of cell-based assays to examine the impact of 
genome circularisation on viral translation, as any changes that occur as a result of switching 
between linear and circular genome conformations during infection will likely be masked by 
an excess of the linear form. 
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5.2.3 Full-length ZIKV RNA adopts a linear conformation in vitro 
One way in which to avoid this caveat was to utilise the in vitro reconstitution system previously 
described to examine translation initiation on ZIKVfl RNA. As this RNA possesses both the 
viral 5′ and 3′ UTRs, it might be expected that this RNA would circularise in vitro as it has been 
shown that the generic properties of large RNA molecules often result in the two ends being in 
close proximity to each other (Liu et al, 2016; Yoffe et al, 2011; Leija-Martínez et al, 2014). 
In order to confirm this, selective 2′-hydroxyl acylation analysed by primer extension (SHAPE) 
RNA structure analysis was performed (Wilkinson et al, 2006). This technique relies on the 
fact that flexible RNA nucleotides preferentially sample conformations that enhance the 
reactivity of their 2′-hydroxyl groups to the electrophile N-methylisatoic anhydride (NMIA). 
Flexible nucleotides can be subsequently mapped by primer extension inhibition using a 
suitable sequencing ladder as modified sites yield RT stops. 
 
The SHAPE reactivity of wildtype ZIKVfl RNA was compared to that of ZIKVfl-Δ3′CS RNA, 
which as previously described lacks base-pairing potential between the 5′ and 3′ CS elements. 
SHAPE reactivity across the 5′ CS element of the two RNAs was found to be practically 
identical, suggesting that within both RNA constructs in vitro the 5′ CS is unhybridised (Figure 
5.5A; a representative SHAPE gel is shown in Appendix C). This is consistent with the fact 
that DENV genomic RNA released from capsids by proteinase K treatment and phenol-
chloroform extraction was found to adopt a linear structure (Dethoff et al, 2018). Taken 
together, this data suggests that in the absence of other factors in vitro ZIKVfl RNA 
preferentially adopts a linear conformation. In agreement with this, when analysed within the 
reconstitution system for translation initiation (the 5′ end of the linear ZIKV genome is shown 
schematically in Figure 5.5B), 48S complex assembly occurred to a similar efficiency at the 
initiation codon AUG108 on both ZIKVfl and ZIKVfl-Δ3′CS RNA (Figure 5.5C; compare lanes 
4 and 2). 
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Figure 5.5 ZIKV RNA adopts a linear conformation in vitro 
A) SHAPE reactivity around the 5′ CS of ZIKVfl (green) and ZIKVfl-Δ3′CS (purple). 
Nucleotides within the 5′ CS are enclosed by the dotted brackets. Data are normalised SHAPE 
reactivities from three experiments, mean+/- SD at each base.  
B) Schematic of linear ZIKV from nt 1-160. Sequences corresponding to the 5′ UAR, DAR and 
CS sequences involved in genome 5′-3′ hybridisation are highlighted in green, blue and purple, 
respectively. The initiating AUG at nt 108 and upstream near-cognate codons discussed in the 
text are highlighted in bold. The 5′ cap structure is represented as a circle. SLA, stem-loop A; 
SLB, stem-loop B; cHP, C coding region hairpin.  
C) Toeprinting analysis of 48S complex assembly on capped ZIKVfl and ZIKVfl-Δ3′CS RNA 
(a representative experiment is shown from two independent experiments). Selected codons are 
labelled on the left and toeprints caused by 48S complex assembly are marked with an 
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5.2.4 Genome circularisation inhibits de novo ZIKV translation initiation 
It was hypothesised that by reducing the distance between the ZIKV 5′ and 3′ UTRs, the 
circularised conformation of the viral genome might be preferentially adopted in vitro over the 
linear form. Similar minigenomes have been used previously to approximate the circularised 
conformation of DENV in in vitro assays to examine NS5 recruitment and RdRp activity 
(Hodge et al, 2016; Liu et al, 2016; Filomatori et al, 2006, 2011; Sztuba-Solinska et al, 2013; 
You & Padmanabhan, 1999; Potisopon et al, 2014).  
 
To this end, the ~10 kb genome separating the two viral UTRs of ZIKV was replaced by a 60 
nt linker to generate ZIKVmini. Additional constructs were produced that contained mutations 
within the 5′ and 3′ cyclisation elements (shown schematically in Figure 5.6A). In an analogous 
manner to the ZIKVfl-Δ3′CS mutant, the 3′ CS was replaced with the 5′ CS, disrupting base-
pairing, to generate ZIKVmini-Δ3′CS. Similarly, the ZIKVmini-Δ5′CS construct was generated 
by replacing the 5′ CS with the 3′ CS. Comparatively, within the ZIKVmini-CS/Swap construct 
the 5′ and 3′ CS elements were swapped, thus retaining base-pairing potential between the 5′ 
and 3′ ends. Corresponding mutations were also made within the UAR sequence to generate 
ZIKVmini-Δ3′UAR, ZIKVmini-Δ5′UAR and ZIKVmini-UAR/Swap minigenomes, respectively.  
 
The conformation of these minigenome constructs was initially examined by native PAGE. 
Circularised constructs are expected to migrate faster through a gel matrix due to their more 
compact structure than those in a linear conformation. Indeed, consistently slower migration 
was observed for the ZIKVmini-Δ3′CS and ZIKVmini-Δ5′CS mutants in comparison to wildtype 
ZIKVmini RNA (Figure 5.6B; compare lanes 3 and 2 with 1). This suggests that disruption of 
the 5′-3′ CS interaction is sufficient to force these RNAs to adopt a more linear conformation. 
Comparatively, the ZIKVmini-CS/Swap RNA migrated in a manner similar to that of the 
wildtype minigenome (Figure 5.6B; compare lanes 4 and 1), indicating that by swapping the 
CS elements hybridisation between the two RNA ends was retained. Similar results were 
observed upon mutation of the UAR element (Figure 5.6B; compare lanes 7, 6 and 5 to 1). It is 
important to note that the wildtype ZIKVmini RNA was observed as a single band upon native 
PAGE analysis, suggesting that intramolecular rather than intermolecular interactions between 
the cyclisation elements dominate. 
 
To confirm these results, the minigenome RNAs were subjected to SHAPE analysis. The 
SHAPE reactivity of nucleotides present within the 5′ CS element of the wildtype ZIKVmini was 
significantly reduced compared to ZIKVmini-Δ3′CS RNA (Figure 5.6C), as well as ZIKVfl RNA 
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(Figure 5.5A). These results suggest that the 5′ CS element is base-paired within the wildtype 
ZIKV minigenome. Similar SHAPE reactivity around this region was also observed within the 
ZIKVmini-CS/Swap RNA where base-pairing potential between the 5′ and 3′ CS elements was 
retained. Taken together with the native PAGE analysis described above, this data illustrates 
that wildtype ZIKVmini RNA adopts a circular conformation in vitro whereas ZIKVmini-Δ3′CS 
RNA adopts a linear conformation. Consistent with this, the SHAPE reactivity of nucleotides 
within the 5′ region beyond the CS element of ZIKVmini RNA correlates well with the circular 
genome conformation (Figure 5.6D, left), whereas the SHAPE reactivity of the ZIKVmini-Δ3′CS 
maps better to the linear conformation (Figure 5.6D, right). A representative SHAPE gel is 
shown in Appendix C and the complete SHAPE dataset across the 5′ region is shown in 
Appendix D. 
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Figure 5.6 The ZIKV minigenome RNA adopts a circular conformation in vitro 
A) Schematic illustration of the ZIKVmini mutants examined. The dark and light purple represent 
the 5′ CS and 3′ CS, respectively. The black dotted line represents cyclisation potential. 
B) Native PAGE analysis of ZIKVmini containing mutations in either the CS or UAR elements 
(a representative experiment is shown from two independent experiments). Gels were 
poststained with ethidium bromide for detection. Migration corresponding to RNA in a circular 
or linear conformation is indicated. 
C) SHAPE reactivity within the 5′ CS of the wildtype and mutant ZIKVmini RNA. Wildtype 
SHAPE reactivity in light green is compared to CS/Swap (dark green) and Δ3′ CS (purple). 
Data are mean+/-SD of normalised SHAPE reactivities at each base from three experiments. 
D) Heat map of SHAPE reactivities from a representative experiment overlaid onto circular 
genome (ZIKVmini; left/green) and linear genome (ZIKVmini-Δ3′CS; right/purple). The colour 
intensity represents increasing SHAPE reactivity as indicated in the box. SLA, stem-loop A; 
SLB, stem-loop B; cHP, C coding region hairpin; 3' SL, 3' stem-loop. 
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These RNA constructs were next assayed for their ability to assemble 48S complexes within 
the reconstitution system for translation initiation (schematics illustrating the linear and circular 
genome conformations are shown in Figure 5.7A and B). In comparison to 48S complex 
formation on ZIKVfl RNA (Figure 5.5C), only weak complex was observed at AUG108 upon 
wildtype ZIKVmini RNA (Figure 5.7C, lane 2). By mutating either the 5′ or 3′ CS element thus 
preventing the base-pairing required for genome circularisation, efficient 48S complex 
formation could be restored on the ZIKVmini-Δ3′CS and ZIKVmini-Δ5′CS RNA (Figure 5.7C, 
lanes 4 and 6). When the CS elements were swapped within the ZIKVmini-CS/Swap RNA thus 
restoring the circularised conformation, efficient 48S complex formation was abrogated thus 
showing that this defect occurs directly as a result of genome circularisation (Figure 5.7C, lane 
8). Mutations within the UAR elements behaved in a similar manner, with mutations that 
prevent genome circularisation rescuing the efficiency of 48S complex assembly (Figure 5.7D; 
compare lanes 2 to 4 and 6) and subsequent restoration of circularisation in the UAR/Swap 
mutant again abrogating it (Figure 5.7D, compare lanes 2 and 8). Even in the absence of the 
translational machinery, additional RT stops that aligned with the UAR and CS cyclisation 
elements occurred upon the circularised ZIKVmini RNA constructs (Figure 5.7C and D, 
indicated by open arrowheads). 
 
 




Figure 5.7 ZIKV minigenome circularisation inhibits 48S complex assembly 
A, B) Schematics illustrating the A) linear and the B) circular conformations of the ZIKV 
genome. Sequences corresponding to the UAR, DAR and CS are highlighted in green, blue and 
purple, respectively. The initiating AUG at nt 108 and upstream near-cognate codons discussed 
in the text are highlighted in bold. The 5′ cap structure is represented as a circle. SLA, stem-
loop A; SLB, stem-loop B; cHP, C coding region hairpin; 3' SL, 3' stem-loop. 
C, D) Toeprinting analysis of 48S complex assembly on wildtype capped ZIKVmini RNA and 
C) CS mutants or D) UAR mutants (a representative experiment is shown from two independent 
experiments). The same assembly reaction on ZIKVmini is used on both gels. Selected codons 
are labelled on the left and toeprints caused by 48S complex assembly are marked with a closed 
arrowhead on the right. Open arrowheads mark RT stops on RNAs with 5′-3′ hybridisation 
potential. FL, full-length. 
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In order to ensure that differences within these minigenome constructs other than circularisation 
state were not responsible for these observations, a 32 nt antisense oligonucleotide (ASO) 
complimentary to the 3′ UAR, DAR and CS elements was designed (shown schematically in 
Figure 5.8A). This oligonucleotide, but not a scrambled sequence of the same length (SCR), 
when heated and snap-cooled with wildtype ZIKVmini RNA was found to shift its migration 
pattern to that of the ZIKVmini-Δ3′CS by native PAGE analysis (Figure 5.8B). The linear 
minigenome-ASO hybrid is retarded to a greater extent due to the additional mass of the 
annealed oligo. Furthermore, binding of the ASO to the ZIKVmini RNA enhanced the SHAPE 
reactivity of nucleotides within the 5′ CS element (Figure 5.8C; a representative SHAPE gel is 
shown in Appendix C and the complete dataset across the 5′ region is shown in Appendix D). 
These data are consistent with the ASO disrupting the base-pairing required for circularisation 
within the ZIKV minigenome, thus shifting its conformation towards the linear form.  
 
 
Figure 5.8 Circularisation can be disrupted by a small antisense oligonucleotide 
A) Schematic illustration of the effect of a scrambled (SCR) or anti-sense oligo (ASO) targeted 
towards the 3′ cyclisation elements. The black dotted line represents cyclisation potential and 
the red bar represents the ASO. 
B) Native PAGE analysis of wildtype ZIKVmini after heating and snap-cooling in the presence 
or absence of ASO or SCR (a representative experiment is shown from two independent 
experiments). 
C) SHAPE reactivity within the 5′ CS of the wildtype ZIKVmini RNA. Wildtype SHAPE 
reactivity in light green is compared to wildtype annealed to SCR (dark green) or ASO (purple). 
Data are normalised SHAPE reactivities from three experiments, mean+/-SD at each base. The 
same wildtype dataset as in Figure 5.6C is illustrated. 
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Addition of ASO, but not SCR, into the 48S complex assembly reaction was found to rescue 
48S complex formation at AUG108 on wildtype ZIKVmini RNA (Figure 5.9, compare lanes 5 
and 6). This occurred in a manner analogous to mutation of the 3′ CS element (Figure 5.9, lane 
8). Taken together with the mutational analysis, this data illustrates that circularisation of the 




Figure 5.9 Inhibition of ZIKV minigenome circularisation by use of a small antisense 
oligonucleotide rescues 48S complex assembly 
Toeprinting analysis of 48S complex assembly on wildtype capped ZIKVmini (a representative 
experiment is shown from two independent experiments). Scrambled (SCR) or anti-sense 
(ASO) RNA oligos were annealed to minigenomes prior to the assembly reaction as indicated. 
Selected codons are labelled on the left and toeprints caused by 48S complex assembly are 
marked with a closed arrowhead on the right. Open arrowheads mark RT stops on RNAs with 
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5.2.5 Genome circularisation impairs scanning 
While genome circularisation of the wildtype ZIKVmini RNA inhibited 48S complex formation 
at AUG108, increased 48S complex assembly was observed at the two upstream near-cognate 
codons UUG41 and UUG80 relative to the linear confirmation (Figure 5.7C and D; compare 
lanes 2 and 8 with 4 and 6). This was despite inclusion of an excess of eIF1A, whose omission 
from this reconstitution system was previously shown to promote increased complex assembly 
on UUG41 on linear ZIKV RNA (Chapter 3). This suggests that the scanning 43S preinitiation 
complex cannot efficiently penetrate the structure found in the circular form of the ZIKV 
genome around the initiating AUG, thus assembling instead at upstream near-cognate codons. 
Consistent with this model, the additional RT stops at the hybridised cyclisation elements 
observed for the wildtype ZIKVmini,  ZIKVmini-CS/Swap and ZIKVmini-UAR/Swap 
minigenomes (indicated on Figure 5.7C and D with open arrowheads) were maintained within 
the 48S assembly reaction even in the presence of the helicase eIF4A (e.g. Figure 5.7C, compare 
lanes 1 and 2).  
 
As the helicase DHX29 has been described as facilitating efficient 48S complex assembly on 
RNAs possessing highly structured 5′ UTRs (Pisareva et al, 2008), the effect of DHX29 
inclusion within the 48S assembly reaction on capped ZIKVmini RNA was investigated. DHX29 
addition led to a decrease in 48S complex assembly at AUG108 on both the circular ZIKVmini 
and linear ZIKVmini-Δ3′CS RNA (Figure 5.10; compare lanes 5 and 10 with 2 and 7). This is 
consistent with previous observations that DHX29 is not required for efficient 48S complex 
formation at AUG108 on the ZIKV 5′ end (Chapter 3). Therefore, addition of DHX29 could not 
overcome the circularisation-induced scanning defect. Furthermore, while inclusion of 
additional eIF3/4F led to an increase in 48S complex formation on ZIKVmini RNA  (Figure 5.10; 
compare lanes 2 and 4), an increase of similar magnitude was also observed on ZIKVmini-Δ3′CS 
RNA (Figure 5.10; compare lanes 7 and 9), indicating that 48S complex formation at AUG108 
under these assembly conditions was still inhibited by genome circularisation (Figure 5.10; 
compare lanes 9 and 4). These data suggest that the scanning defect induced by circularisation 
cannot be overridden by the canonical translation machinery. 
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Figure 5.10 Addition of more eIF4F or DHX29 cannot overcome the circularisation-
induced scanning defect 
Toeprinting analysis of 48S complex assembly on capped ZIKVmini or ZIKVmini-Δ3′CS using 
the conditions illustrated (a representative experiment is shown from two independent 
experiments). Selected codons are labelled on the left and toeprints caused by 48S complex 
assembly are marked with a closed arrowhead on the right. Open arrowheads mark RT stops 
on RNAs with 5′-3′ hybridisation potential. FL, full-length. 
 
In order to investigate the effect of mutating UUG41 and UUG80 on codon selection within the 
ZIKVmini construct, mutational analysis was carried out (the mutations made are shown in 
Figure 5.11A). UUG41 was changed to UUU41, with a corresponding C21A mutation to 
maintain SLA structure, while UUG80 was changed to UCC80. The introduced mutations 
abrogated 48S complex formation at UUG41 and UUG80 respectively (Figure 5.11B; compare 
lanes 2, 4 and 6), while simultaneous mutation of both sites did not restore efficient 48S 
complex formation at AUG108 (Figure 5.11B, lane 8). Instead, increased 48S complex formation 
occurred at UUG86 at the 5′ end of the UAR element in the absence of UUG41 and UUG80 
(Figure 5.11B, lane 8). The data presented here suggests that 48S complex formation at UUG41 
or UUG80 is not required for the inhibition of complex formation seen at AUG108 within the 
circularised state and instead that the RNA structure alone is capable of mediating this effect. 
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Figure 5.11 Mutation of UUG40 and UUG81 does not restore efficient 48S complex 
assembly at AUG108 in the circularised form 
A) Schematic of the ZIKV minigenome with mutations shown in red. These mutations were 
predicted by mfold to not change RNA secondary structure (Zuker, 2003). Sequences 
corresponding to the UAR, DAR and CS are highlighted in green, blue and purple, respectively. 
The 5′ cap structure is represented as a circle. SLA, stem-loop A; SLB, stem-loop B; cHP, C 
coding region hairpin; 3' SL, 3' stem-loop. 
B) Toeprinting analysis of 48S complex assembly on wildtype capped ZIKVmini RNA and 
upstream near-cognate codon mutants. Selected codons are labelled on the left and toeprints 
caused by 48S complex assembly are marked with a closed arrowhead on the right. Open 
arrowheads mark RT stops on RNAs with 5′-3′ hybridisation potential.  Fl, full-length. 
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5.2.6 Genome circularisation inhibits translation initiation in other flaviviruses 
As genome circularisation is a common feature of flavivirus replication, it was hypothesised 
that circularisation would also inhibit de novo translation initiation in other flaviviruses. To this 
end, minigenome constructs were designed containing the UTRs of DENV1 and DENV4 in the 
same manner previously described for ZIKVmini (shown schematically in Figure 5.12A and C; 
the complete sequence of the 5′ terminal ends in the two genomic forms are illustrated in 
Appendix A). The 5′ and 3′ UTRs of DENV1 and DENV4 are the most divergent among the 
DENV serotypes. Of these two constructs, DENV4 is most similar to ZIKVmini as the initiating 
AUG is present in good Kozak sequence context (Kozak, 1989a). Comparatively, the initiation 
codon of DENV1 is in poorer sequence context similar to DENV2, which has previously been 
reported as requiring the downstream cHP stem for efficient codon selection (Clyde & Harris, 
2006).  
 
The effect of circularisation on 48S complex assembly was examined as before by mutating the 
3′ CS element or by inclusion of a short ASO complimentary to the 3′ cyclisation elements. 
Circularisation of DENV4 and DENV1 minigenomes was found to inhibit 48S complex 
assembly at the initiating AUG (AUG102 for DENV4 and AUG95 for DENV1), which could be 
rescued when circularisation was disrupted by mutation or oligo annealing (Figure 5.12B and 
D; compare lane 4 to 6 and 8). Similar to ZIKV, an increase in 48S assembly on the upstream 
near-cognate codon UUG48 was observed for both DENV4 and DENV1 minigenomes in the 
circular form, consistent with a scanning defect driving translation inhibition. Taken together, 
this data suggests that inhibition of cap-dependent translation initiation by genome 
circularisation might be a conserved mechanism of translational control during flavivirus 
infection. 
 




Figure 5.12 Circularisation inhibits translation initiation on DENV1 and DENV4 
A, C) Schematics of the A) DENV4 and C) DENV1 genomes in the circular conformation. 
Nucleotides of the UAR, DAR and CS are shown in green, blue and purple, respectively. The 
initiating AUG and upstream near-cognate codons discussed in the text are in bold. The 5′ cap 
structure is represented as a circle. SLA, stem-loop A; SLB, stem-loop B; cHP, C coding region 
hairpin; 3' SL, 3' stem-loop. 
B, D) Toeprinting analysis of 48S complex assembly on capped B) wildtype and Δ3′ CS 
DENV4 minigenome RNA or D) wildtype and Δ3′ CS DENV1 minigenome RNA (a 
representative experiment is shown from two independent experiments). Selected codons are 
labelled on the left and toeprints caused by 48S complex assembly are marked with a closed 
arrowhead on the right. Open arrowheads mark RT stops on RNAs with 5′-3′ hybridisation 
potential. Scrambled (SCR) or anti-sense (ASO) RNA oligos were annealed to minigenomes 
prior to the assembly reaction as indicated. FL, full-length. 
 
 
Circularisation of ZIKV genomic RNA inhibits de novo translation initiation 
 107 
5.3 Discussion 
RNA circularisation is believed to be a common mechanism by which the genomes of positive-
sense RNA viruses are replicated during infection (Herold & Andino, 2001). These interactions 
can be proteinaceous in nature, mediated by bridging of the two genome ends by protein 
binding, or depend on long-range RNA-RNA interactions. As an example of the former, PV 
genome replication during infection relies on circularisation mediated by the interaction 
between PCBP2 at the 5′ end and PABP bound to the 3′ poly(A) tail (Perera et al, 2007; Herold 
& Andino, 2001). Similarly, replication of HCV is thought to depend on PCBP2-mediated 
genome circularisation (Wang et al, 2011), although bioinformatic analysis suggests that a 
long-range RNA-RNA interaction may also be involved (Fricke et al, 2015; Romero-López & 
Berzal-Herranz, 2009). A possible reason for this widespread requirement for template 
circularisation in replication is to ensure that only full-length viral genomes possessing both 
ends are replicated. 
 
However, interactions between the 5′ and 3′ UTRs of RNA have also been linked to translation 
enhancement (Jackson et al, 2010). The 5′ cap structure and poly(A) tail act synergistically to 
promote efficient translation of cellular mRNAs in a manner dependent on the interaction 
between eIF4G and PABP (Tarun & Sachs, 1996; Kahvejian et al, 2001; Imataka et al, 1998). 
This forms the basis of the “closed loop” model of translation, whereby the translating mRNA 
is hypothesised to circularise in a protein-dependent manner (Wells et al, 1998; Jackson et al, 
2010). Indeed, even some mammalian viruses reliant on IRES sequences for translation 
initiation, such as picornaviruses, possess poly(A) tails, the presence of which can enhance 
translation efficiency through PABP binding (Michel et al, 2001). Moreover, members of the 
plant virus families Luteoviridae and Tombusviridae, lacking both 5′ caps and poly(A) tails, 
circularise through long-range RNA-RNA interactions during infection which is thought to 
promote translation by delivering eIF4F from its binding site within the 3′ UTR to the 5′ end 
(Fabian & White, 2004; Guo et al, 2001; Treder et al, 2008; Gazo et al, 2004).  
 
It is clear then that RNA circularisation can have a variety of different effects depending on 
context. Here, it is shown that genome circularisation mediated by long-range RNA-RNA 
interactions inhibits de novo cap-dependent translation initiation at the initiating AUG of ZIKV 
and DENV. As these same interactions have previously been shown to promote RNA 
replication (Villordo & Gamarnik, 2009), this provides a mechanism to ensure that ribosomes 
are not loaded onto actively replicating genomes thus ensuring that viral replication occurs 
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unimpeded. Furthermore, this defines a major role for the linear form of the viral genome in 
translation during infection. 
 
Initial attempts to examine the effect of genome hybridisation on translation in the context of 
the full-length ZIKV genome failed, as both ZIKVfl and ZIKVfl-Δ3′CS RNAs were found to 
adopt the linear conformation in vitro. This is surprising, as previous studies have illustrated 
that 5′-3′ complexes can form in trans between separate RNA probes corresponding to the 5′ 
and 3′ ends of DENV (Alvarez et al, 2005b; Liu et al, 2016; Filomatori et al, 2011). This 
suggests that local RNA secondary structures within the ZIKV genome may be responsible for 
keeping the two ends apart in vitro and thus prevent their interaction. Consistent with this 
notion, it has been reported that the genome of DENV is highly structured in vitro in the absence 
of viral proteins (Dethoff et al, 2018). This might explain the requirement for proteins such as 
virally encoded NS3 and the cellular AUF1 p45 isoform in mediating genome circularisation 
in vivo during infection (Gebhard et al, 2012; Friedrich et al, 2018, 2014), and for other long-
range RNA-RNA interactions beyond the UAR, DAR and CS elements that enhance genome 
replication (Liu et al, 2013; de Borba et al, 2015). Indeed, the mere fact that the wildtype ZIKV 
minigenome RNA adopted a circularised conformation suggests that the circularised state is 
more thermodynamically favoured when the structure of the rest of the ZIKV genome is not 
considered. Importantly, the structure of ZIKVmini RNA matches that recently described as 
occurring in full-length viral RNA during infection by three independent groups (Ziv et al, 
2018; Huber et al, 2019; Li et al, 2018). 
 
The inhibitory effect of genome circularisation on translation initiation could only be revealed 
using minigenome RNAs within the reconstitution system. This approach overcame the various 
challenges associated with the use of ZIKVNluc RNA inside cells during virus infection, namely 
that of correlating circularisation state with translation, as initial translation following 
electroporation was independent of genome circularisation. However, a limitation of the study 
presented here is that while the inhibitory effect was observed within this minimalistic system, 
further experiments illustrating that circularisation-induced translation inhibition occurs inside 
cells would validate these findings. One of the major reasons why this was not pursued is due 
to concerns that increasing the size of the linker between the two UTRs in the ZIKV 
minigenome by incorporation of a reporter might reduce the proportion of circularised RNA, 
thus diluting out the inhibitory effect seen on translation. However, small reporters such as a 
split-GFP tag could be used to get around this problem (Cabantous et al, 2005).  
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However, conflicting reports regarding the role of the 3′ UTR of DENV in translation 
enhancement and RNA stability complicates the use of such reporter constructs in cells. For 
instance, it has been reported that the 3′ UTR of DENV enhances translation of an Fluc reporter 
independently of the 5′ UTR following transfection into BHK cells, in a manner partially 
dependent upon the 3′ SL structure (Holden & Harris, 2004). Furthermore, it was observed 
using an Fluc reporter flanked by the DENV genome ends that mutation of the 3′ CS site to 
decrease complementarity with the 5′ element actually led to a 85 % reduction of Fluc 
production in Vero cells, whereas mutation of the 5′ element alone led to a 10 % enhancement 
(Chiu et al, 2005). Whether this is due to the 3′ mutation interfering with the ability of the 3′ 
UTR to convey translation enhancement or whether RNA stability is sufficiently decreased 
upon mutation to have an impact is unclear. Comparatively, it was observed for DENV 
replicons in BHK and C6/36 mosquito cells that removal of the entire 3′ UTR did not 
significantly affect viral translation but instead abrogated replication (Alvarez et al, 2005a). 
The use of the in vitro system presented here avoids the issue of RNA stability in cells and 
allows examination solely of the effect of genome circularisation on de novo translation 
initiation. 
 
The mechanism by which de novo translation initiation inhibition occurs as a result of 
circularisation is likely through inhibition of scanning rather than inhibition of eIF recruitment, 
as an increase in 48S complex assembly was seen on upstream near-cognate codons in the 
circular form. Mutation of these codons from the 5′ end was found to enhance picking of an 
additional near-cognate codon in close proximity to the circularised UAR element. This 
suggests that the circularised form of the ZIKV genome represents a structure that cannot be 
resolved efficiently by the scanning 43S preinitiation complex, even in the presence of DHX29. 
DHX29 has been shown to promote translation on a model RNA containing a stable stem in the 
5′ UTR with a predicted free energy of -27.6 kCal/mol (Pisareva et al, 2008), similar to that of 
the 5′-3′ UAR interaction in the circularised form calculated by mfold (ΔG=-26.7 kCal/mol; 
Zuker, 2003). As such, it is not immediately apparent why DHX29 could not resolve this 
structure. However, notable similarities exist between these observations and the mechanism 
by which sfRNAs are generated during infection by stalling of the 5′-3′ exonuclease Xrn1 at 
complex tertiary structures within the viral 3′ UTR (Chapman et al, 2014; Akiyama et al, 2016). 
As such, structural analysis of the ZIKV minigenome, either by x-ray crystallography or cryo-
EM, might yield valuable information regarding any such tertiary interactions capable of 
stalling ribosome scanning within the circularised form.  
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The physiological relevance of upstream near-cognate codon selection in the circularised state 
is unclear. This may just represent a side effect of arresting the scanning ribosome, or 
alternatively circularisation could be a deliberate mechanism to promote their selection in order 
to facilitate uORF expression. In this scenario, RNA structural changes mediated by 
circularisation would act in a manner similar to the cHP stem in DENV2, which promotes 
selection of the poor context initiating AUG (Clyde & Harris, 2006). In the ZIKV PE243 strain, 
translation from UUG80 would produce a short-conserved polypeptide out-of-frame with the 
main ORF. Indeed, a recent preprint has illustrated by ribosome profiling that significant 
ribosome occupancy occurs at UUG80 during ZIKV infection of both Vero cells and insect 
C6/36 cells (Irigoyen et al, 2017), supporting the in vitro findings presented here. However, 
further work needs to be performed to establish if the peptide produced from this uORF is 
functionally significant or whether selection of UUG80 during infection acts only to modulate 
translation of the main ORF, in a manner akin to canonical uORF function (Somers et al, 2013). 
 
It is interesting to speculate about additional control mechanisms that might regulate the balance 
between the linear and circular genome conformations during infection in light of the results 
presented here. It was recently reported that the human microRNA miR-21 interacts with the 5′ 
CS element of ZIKV in a pro-viral fashion (Ziv et al, 2018). This interaction might prevent the 
hybridisation of the CS element and facilitate translation early in infection. Additionally, the 
neurodevelopmental protein Musashi-1 has been described as binding to the 3′ end of ZIKV 
genomes during infection of neuronal U251 cells and promoting genome replication, potentially 
through enhancement of translation (Chavali et al, 2017). Whether this occurs through 
modulation of cyclisation is unclear and further work is required to investigate this possibility.  
 
Although characterisation of the precise structure of the DENV minigenome constructs by 
SHAPE is required to confirm this, it is likely that RNA-mediated circularisation represents a 
widespread mechanism among flaviviruses to both facilitate genome replication and inhibit 
ribosome loading. However, while these viruses lack a poly(A) tail, it has been demonstrated 
that PABP binding directly within the 3′ UTR of DENV enhances translation (Polacek et al, 
2009b). This, combined with the fact these viruses possess a 5′ cap structure, suggests that an 
additional mode of genome circularisation may occur during infection that mirrors the “closed 
loop” reported for cellular mRNAs. Furthermore, while the cap-independent mechanism of 
translation proposed for DENV during conditions of cellular stress has been shown to require 
the two UTRs (Edgil et al, 2006), it is unlikely that hybridisation between the cyclisation 
elements is necessary and instead a RNA-protein bridge has been speculated as playing a role 
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(Edgil & Harris, 2006). This illustrates the variety of ways in which the ends of the viral genome 
can communicate during infection, regulating the use of the RNA template. 
 
Taking all of the evidence into consideration then, the RNA genomes of ZIKV and other 
flaviviruses are highly dynamic structures. The work presented here illustrates that the long-
range RNA-RNA interactions that mediate genome circularisation are critical for both 
promotion of genome replication and inhibition of viral protein synthesis, thus ensuring correct 
temporal regulation of the RNA template. Furthermore, this defines opposing roles for the linear 


























Summary and Future Directions 
 112
6 Summary and Future Directions 
During infection, the genomes of positive-sense RNA viruses have three major functions. They 
have to act as templates for both viral translation and viral replication, two key processes that 
are antagonistic in nature as each requires the use of the RNA template in opposite directions. 
The third major function is that the RNA genomes have to be successfully encapsidated 
following replication to propagate the virus. As a result, numerous transitions occur during 
infection to ensure that these events are temporally coordinated, the first of which is the 
translation-replication switch. In the case of ZIKV and other flaviviruses, many of the key cis- 
and trans-acting factors determining these transitions are poorly characterised. 
 
Based on the experimental data presented in this thesis, a model for the ZIKV translation-
replication switch emerges (Figure 6.1). Upon infection, the ZIKV RNA genome is released 
into the cytosol in a linear conformation and engages with the translational machinery. This is 
consistent with the fact that the circularised genome conformation is not required for translation 
of input viral RNA following electroporation (illustrated in Chapter 5)  and with reports using 
RNA structure mapping approaches which show that ZIKV genomes typically possess a more 
open structure inside cells (Huber et al, 2019; Li et al, 2018). The ZIKV genome is subsequently 
localised to the ER membrane following C protein transmembrane domain recognition by the 
SRP during polyprotein synthesis (Garcia-Blanco et al, 2016). Resulting translation is highly 
ER-localised, as shown by ribosome profiling coupled with cell fractionation (Reid et al, 2018), 
and viral replication complexes are established. 
 
Over time, viral protein expression leads to NS5 accumulation at the ER membrane which 
subsequently binds to the cap-proximal SLA structure of the ZIKV genome and inhibits further 
translation initiation (Chapter 4). While NS5 can bind to both linear and circular genome 
conformations, it has been shown using NS5DENV4 by EMSA that NS5 recruitment to SLA 
occurs more efficiently when the genome is in the linear conformation (Liu et al, 2016). While 
this difference was small, a similar enhancement was observed for NS5ZIKV binding to the linear 
form of the ZIKV minigenome described here (Appendix E). Furthermore it has been shown 
for DENV2 that the 3′ SL structure in the linear form of the genome represses polymerase 
activity, because the terminal 3′ nucleotides are sequestered within RNA secondary structure 
(Filomatori et al, 2011). This data is consistent with the idea that NS5 is recruited to and held 
at the 5′ end of the linear genome at a defined point in infection. This outcompetes the 
translation machinery for binding, thus preventing additional ribosomes from loading onto the 
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RNA genome template. Thus, a key component of the translation-replication switch involves 
the oscillation of local NS5 concentration. 
 
As ribosomes are believed to be a major helicase activity in the cell (Takyar et al, 2005), it is 
likely that ZIKV genome circularisation can only occur once the template has been cleared of 
translating ribosomes as circularisation is reliant upon the formation of long-range RNA-RNA 
interactions (Alvarez et al, 2005b; Filomatori et al, 2006). The precise mechanism that mediates 
circularisation is unclear, but as NS5 is likely membrane-associated within the ER through its 
interaction with the NS3-NS2B complex (Yu et al, 2013), the two dimensional nature of the 
membrane may help to facilitate this conformational change. Viral proteins such as NS3 
(Gebhard et al, 2012) and NS5 (Pong et al, 2011), as well as cellular proteins such as the AUF1 
p45 isoform (Friedrich et al, 2014, 2018), enhance this process through their respective RNA 
annealing and chaperone activities. Upon genome circularisation, the repression exerted by the 
3′ SL on polymerase activity is relieved upon the release of the 3′ terminal nucleotides through 
formation of the 5′-3′ UAR interaction, which also brings the two genomic ends into close 
proximity, thus allowing RNA synthesis to begin in earnest (Filomatori et al, 2011). Sequences 
within the 3′ SL that interact with NS5 are likely involved in correct positioning of SLA to 
facilitate polymerase translocation to the 3′ end (Hodge et al, 2016). 
 
In order to maintain an obstruction-free template for RNA synthesis at this point, it is imperative 
that additional ribosomes are not loaded onto the ZIKV genome following disengagement of 
NS5 with the 5′ end. A mechanism by which this may occur is through the circularisation-
induced scanning defect seen upon circularised ZIKV minigenome RNAs (Chapter 5). This 
may also direct the ribosome to translate uORFs, the physiological relevance of which remains 
to be determined. Alternatively, another NS5 protein may re-engage with the free 5′ end thus 
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Figure 6.1 Model for the ZIKV translation-replication switch 
Linear genomic RNA recruits eIFs and 40S ribosomal subunits in a cap-dependent manner. 
Secondary structure in the 5′ UTR is effectively resolved by the scanning ribosome to allow 
efficient translation from the authentic initiation codon, leading to the accumulation of viral 
proteins. NS5 is subsequently recruited to SLA and antagonises translation initiation, priming 
the RNA for replication. Following genome circularisation promoted by viral and host factors 
(Gebhard et al, 2012; Ivanyi-Nagy & Darlix, 2012; Friedrich et al, 2014, 2018; Vashist et al, 
2009), NS5 translocates to the 3′ end of the genome to begin negative-strand synthesis. The 
circularised conformation of the viral genome acts as a barrier to prevent further ribosome 
loading by impeding scanning ribosomes, indicated by the red stop sign, thus keeping the 
replicating template free of ribosomes.  
 
It is important to note however that this model simplifies the effect of replication on the 
conformation of the ZIKV genome. As flavivirus negative-sense RNA is synthesised in a semi-
conservative fashion (Wengler et al, 1978), a dsRNA intermediate between the positive and 
negative-strand RNA is formed, theoretically preventing the 3′ cyclisation elements of the 
positive-strand from interacting with the 5′ end of the same strand during replication. 
Abrogation of this interaction would release the 5′ end of the genome from circularisation-
induced inhibition for further engagement by the translational machinery. However, as 
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subsequent synthesis of positive-strand RNA from the dsRNA intermediate likely requires the 
promoter function of SLA (Garcia-Blanco et al, 2016), it is conceivable that terminal RNA 
secondary structures are retained during replication. This could be achieved through unwinding 
of the dsRNA intermediate by NS3 or other cellular factors that interact with the UTRs, thus 
permitting the RNA-RNA interactions between the 5′ and 3′ ends of the positive-strand RNA 
genome to be maintained during replication. A major challenge moving forward lies in the 
elucidation of RNA structures within these replicative intermediates. 
 
Alternatively, genome circularisation might act only to prevent ribosome loading onto the main 
ORF during the transition phase between polymerase initiation and elongation described for 
DENV NS5-mediated replication. Using a short 10 nt DENV RNA corresponding to the 3′ end 
of the antigenome, it was demonstrated in vitro that short dinucleotides (pppAG) are generated 
before productive elongation begins in a manner dependent upon the NS5 priming loop (Selisko 
et al, 2012; Potisopon et al, 2014). This provides a mechanistic basis for the nucleotide 
conservation at the terminal ends of flaviviral genomes (Selisko et al, 2012). The transition 
phase was shown to be rate-limiting in vitro and has been speculated to arise because of 
conformational changes required within the NS5 RdRp domain to begin elongation (Potisopon 
et al, 2014). Genome circularisation during infection could ensure that the template is kept clear 
of translating ribosomes while these required conformational changes occur. Then, subsequent 
rapid polymerase elongation could disrupt the cyclisation elements through formation of a 
dsRNA intermediate and complete negative-strand synthesis before ribosome loading at the 5′ 
end can occur. Additional kinetic data regarding the timescale upon which these events take 
place within the viral replication complex is necessary to properly evaluate these models. 
 
After ZIKV genome replication is completed, the amount of positive-strand genomic template 
should exceed the relative amount of NS5 protein thus permitting additional rounds of 
translation initiation. As such, in this model template usage in either translation or replication 
is driven by oscillations in the relative concentrations of NS5 and viral RNA genome against a 
background of fairly constant eIF concentration (Figure 6.2). Direct regulation of translation 
initiation by polymerase recruitment represents an efficient mechanism to temporally regulate 
genome template usage that may be widespread among positive-sense RNA viruses. While this 
model has been previously speculated (Garcia-Blanco et al, 2016; Friedrich et al, 2018), the 
data presented in this thesis provides the first evidence to support it. 
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Figure 6.2 ZIKV translation-replication is controlled by oscillations in the relative 
concentration of NS5 and viral genome 
Early in infection, ZIKV genomes are translated and viral proteins accumulate. NS5 
accumulation results in recruitment to the viral genome and inhibition of translation initiation. 
Following successful genome replication, the number of genomes exceeds the relative amount 
of NS5 thus permitting translation of nascently synthesised genomes. Oscillations in the relative 
concentrations of NS5 and viral genome could theoretically permit numerous rounds of 
translation and replication. eIFs and 40S in the process of mRNA recruitment are shown in 
grey, elongating ribosomes are in green and NS5 is in purple. Arrows illustrate the synthesis of 
nascent genomes from replicating genomes. 
 
It is clear that the reconstitution system for translation initiation used here provides an  
effective platform to examine the impact of individual eIFs, RNA secondary structure and 
protein recruitment on 48S complex assembly in a manner that deconvolutes some of the 
complex interplay that occurs in cells. However, a series of important questions remain. The 
mechanism and eIFs required for eIF4E-independent translation of the flavivirus genome 
during infection remain poorly characterised, although the reconstitution system represents a 
powerful tool that can be used in the elucidation of this mechanism. Furthermore, additional 
experiments are required to investigate the precise mechanism of cap-dependent translation 
inhibition mediated by NS5 recruitment to SLA, whether this be through stabilisation of SLA 
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structure or occlusion of the eIF4E-cap interaction, as well as the applicability to other 
flaviviruses. Whether cap- or eIF4E-independent modes of translation facilitate escape from 
this mode of inhibition also remains to be determined. 
 
Recent in-cell structure mapping studies have identified additional long-range RNA-RNA 
interactions beyond the well-characterised CS, UAR and DAR elements that occur during 
ZIKV infection. One such interaction results in an alternative conformation of the 5′ UTR in 
which SLA and SLB are not formed and instead this region base-pairs with the downstream E 
coding sequence (Ziv et al, 2018; Li et al, 2018). Other long-range RNA-RNA interactions 
have been identified within the coding sequence of ZIKV and DENV that could represent 
conformational intermediates or stabilising interactions for one genome conformation over 
another (Huber et al, 2019; Li et al, 2018). It remains to be determined whether many of these 
additional long-range RNA-RNA interactions are functionally relevant during infection. 
Attempting to reconstitute circularisation of the full-length flaviviral genome in vitro, while 
technically challenging, could provide a useful system to examine in more detail the effect of 
protein binding in mediating conformational changes and the influence of long-range RNA-
RNA interactions in stabilising various genome conformations. This could be achieved through 
recombinant expression and purification of RNA-binding proteins implicated in this process. 
 
While attempts have been made here to characterise the template switch from translation to 
replication, it is still unclear how template switching from translation/replication to packaging 
occurs during flavivirus infection. One possibility is that accumulation of the viral C protein 
could circularise the viral genome to facilitate this switch, driven through its RNA annealing 
activity (Ivanyi-Nagy & Darlix, 2012). In this regard, C protein-mediated genome 
circularisation could act in a similar fashion to coat protein binding in bacteriophage genomes, 
shutting down translation prior to encapsidation (Bernardi & Spahr, 1972). Further work needs 
to be performed to investigate the lifecycle stage at which the RNA annealing activity of the C 
protein is required, but it is clear that alterations in viral genome conformation provide an 
effective method to regulate genome template usage. 
 
Like other positive-sense RNA viruses, the genomes of flaviviruses are highly dynamic 
structures. This structural plasticity is instrumental in allowing these viruses containing a single 
RNA species expressing a single polyprotein to infect both mammalian and insect hosts. 
Detailed mechanistic understanding of how genome template usage is regulated by viral and 
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cellular proteins as well as RNA structure is essential for the development of novel antivirals 
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Appendix A Flaviviral terminal genome structures including full sequence 
 
Structure of the ZIKV PE243 terminal ends including the full sequence in the linear and 
circular conformations 
Schematics of the terminal ends of the ZIKV genome including the full sequence in the A) 
linear conformation and B) the circular conformation. Sequences corresponding to the UAR, 
DAR and CS are highlighted in green, blue and purple, respectively. The initiating AUG at nt 
108 is highlighted in bold. SLA, stem-loop A; SLB, stem-loop B; cHP, C coding region hairpin; 





Structure of the DENV4 5′ terminal end including the full sequence in the linear and 
circular conformations 
Schematics of the terminal ends of the DENV4 genome including the full 5′ sequence in the A) 
linear conformation and B) the circular conformation. Sequences corresponding to the UAR, 
DAR and CS are highlighted in green, blue and purple, respectively. The initiating AUG at nt 
102 is highlighted in bold. SLA, stem-loop A; SLB, stem-loop B; cHP, C coding region 







Structure of the DENV1 5′ terminal end including the full sequence in the linear and 
circular conformations 
Schematics of the terminal ends of the DENV1 genome including the full 5′ sequence in the A) 
linear conformation and B) the circular conformation. Sequences corresponding to the UAR, 
DAR and CS are highlighted in green, blue and purple, respectively. The initiating AUG at nt 
95 is highlighted in bold. SLA, stem-loop A; SLB, stem-loop B; cHP, C coding region 





Appendix B eIF4A inhibition reduces translation of ZIKVNluc post-electroporation 
 
 
Luciferase activity at 6 hrs post electroporation of capped T7-driven ZIKVNluc RNA (5 μg) in 
the presence of 30 nM rocaglamide A relative to the absence of drug. Vero cells were pre-
treated with rocaglamide A for 3 hours before electroporation. Rocaglamide was maintained 
over the time course. Data are mean+/-SEM of three independent experiments. Experiment was 























Appendix C Representative primer extension inhibition gels for SHAPE analysis 
 
Representative SHAPE gels showing A) SHAPE analysis of ZIKVfl and ZIKVfl-Δ3′CS or B) 
ZIKVmini (in presence or absence of ASO or SCR), ZIKVmini-Δ3′CS and ZIKVmini-CS/Swap. 


















Appendix D Complete SHAPE reactivity across the 5′ terminal region of ZIKV 
 
 
SHAPE reactivity of nucleotides within ZIKVmini compared to A) ZIKVmini-CS/Switch and 
ZIKVmini-Δ3′CS or B) ZIKVmini + SCR and ZIKVmini + ASO. Error bars show the mean +/- SD 





Appendix E NS5ZIKV binds linear genome with higher affinity than circularised genome 
 
 
Native PAGE analysis of ZIKVmini and ZIKVmini-Δ3′UAR RNA in the presence of increasing 
concentrations of NS5ZIKV. Gels were poststained with ethidium bromide for detection. Free 
and bound RNA is indicated. 
 
